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August 18 - 19, 1988 
Naval Postgraduate School Monterey, California 
CHAIRMAN'S MESSAGE 
I am pleased to enclose your copy of the proceedings 
of the Fifth International Conference on Cryocoolers. I 
was honored and happy to have been chairman of this event 
for 1988. We had a very interesting and rewarding group 
of sessions covering many familiar projects as well as new 
emerging technologies. Papers on pulse tubes, magnetic re- 
frigeration and long life space components were presented 
to the attendees. 
Our setting at the Naval Postgraduate School in Monterey, 
California turned out to be an excellent choice. We had 
cool but beautiful weather with a location by the sea. Our 
social highlight was our banquet at the Monterey Bay Aquarium. 
Our Naval hosts provided all that we needed as far as on- 
site support. 
The world of cryogenics is a growing technology with 
a rapidly expanding future in applications. Along with our 
previous research pr0jects.h sensors, we had a paper on 
medical applications and we look forward to being an integ- 
ral partner in applications of superconductivity. 
I wish to thank all the people who helped make the 
conference the success that it was. The authors submitted 
more papers than in any previous conference. Special thanks 
go to my co-chairman Dr. Alfred Johnson, the program com- 
mittee chaired by Ron White, my secretary Carol Clark, the 
moral support of my co-workers, the administrative support 
of personnel of the Universal Technology Corporation 
especially Faye Geidner and Jill Jennewine, and Howard Wolf 
of the Air Force acoustic fatigue group for his support in 
publishing these proceedings. Without the help of these 
and many others, we would not have achieved the success that 
we did. 
On a personal note, I was transfered on 28 Aug 1988 
to a new assignment in the acoustic fatigue group of the 
Aeronautical Systems Division. I regret no longer being 
in cryogenics and will miss the conference and particularly 
the outstanding individuals that are the attendees. I will 
follow your progress in cryogenics and hope that your next 
conference in 1990, chaired by Dr. Peter Kerney of CTI Co:cp, 
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J-T COOLING 
CHAIRPERSON: E. EDELSACK 
VICE CHAIRPERSON: P. KERNEY 
RECENT DEVELOPMENTS IN JOULE-THOMSON COOLING: 
GASES, COOLERS AND COMPRESSORS 
W. A Little 
Physics Department 
Stanford University 
Stanford, CA 94305 
During the past several years some striking advances have been made 
in the performance of miniature Joule-Thomson refrigerators. They can 
now be fabricated in a wide range of shapes and sizes and can be made with 
several gas circuits and multiple stages of expansion. These features allow 
the refrigerators to operate a t  low temperatures with good efficiency. A major 
breakthrough has occurred in cooling technology through the development of 
certain hydrocarbon-nitrogen gas mixtures for JT cooling, with cooling 
capacities as much as ten times that of pure nitrogen, yet have a boiling point 
close to that of nitrogen itself. The gases are safe to use and are non- 
flammable. This makes possible low pressure operation of compressors in 
closed cycle systems and greatly extends the operational utility of Joule- 
Thomson refrigerators. These and other developments in JT  refrigerator 
technology are reviewed. 
Introduction 
It was just over ten years ago, at  an earlier meetings of this group1 that the possibility of 
developing microminiature, Joule-Thomson (JT) refrigerators of sufficiently small size 
to be useful for cooling superconducting devices in a miniature, ambient temperature 
package, was suggested. This and a great deal more has been accomplished since that 
timez. It is the purpose of this paper to discuss these developments and, in particular, Lo 
discuss those developments which have occurred in the past few years since this subject3 
was last reviewed. 
Cooling is achieved in a JT refrigerator by passing high pressure gas through a counter- 
current heat exchanger, expanding it to lower pressure thereby causing it to cool by the 
Joule-Thomson effect, and then passing the cold gas back through the heat exchanger to pre- 
cool the incoming gas, before exiting the refrigerator. The system needs, in addition to the 
heat exchanger and expansion valve, which are usually referred to as the "refrigerator", 
some means for recompressing the gas, and of cleaning and drying it so as to prevent 
condensation of impurities in the refrigerator. In discussing the system we will focus first 
on the refrigerators, then on the gases used as the working fluids, then on the deaning 
process and finally on the compressors needed to provide a continuous source of high 
pressure gas. 
Microminiature Refrigerators 
Microminiature refrigerators are fabricated using a photolithographic process somewhat 
analogous to that used in the fabrication of integrated circuits in the semiconductor 
industry. In this process, the gas channels of the heat exchanger, expansion capillary and 
boiler of the refrigerator are abrasively etched in thin, planar gIass substrates. These 
substrates are then fused together to yield a laminated glass plate containing the pattern of 
channels of the complete refrigerator. Typical dimensions of the channels are 2 0 0 ~  wide 
by 30y deep and the size of an 80 K, N2 refrigerator with a capacity of 250 mW is 7.5 cm x 1.4 
cm x 0.2 cm. In manufacturing, the depths of the channels have to be controlled to aJout r 2p 
to obtain an acceptable yield, and the final asssembly must provide a bond between the 
substrates capable of withstanding internal pressures in excess of 180 atm. This 
technology, which originated a t  Stanford University and was developed extensively a t  
MMR Technologies, Inc. in Mountain View, has now matured and microminiature 
refrigerators operating from ambient to 80K are in use in university and industrial R&D 
laboratories worldwide and are found in instrumentation which is used principally in the 
semiconductor industry. 
A typical device used in a low temperature microprobe is shown in Figure 1. The alumina 
substrate at  the cold end contains a heater and a miniature Si-diode thermometer allowing 
temperature control over the entire operating range of the refrigerator. The photolitho- 
graphic fabrication process allows great flexibility in the design of the refrigerators. In 
particular, more complex cycles than the simple, single expansion Hampson cycle can be 
used with a minor change in the fabrication process and negligible increase in cost. The 
Linde cycle has been utilised in all the refrigerators which are now in commercial use. In 
this, the gas is expanded in two stages, allowing higher efficiency and operation a t  lower 
temperatures than with a simple, single expansion. Multi-gas refrigerators have been 
fabricated for operation to 20K, using argon and hydrogen and a three stage unit 1.5" in 
diameter and 0.10 thick is under development for operation a t  helium temperatures. 
These require finer channels and almost an order of magnitude tighter control of the 
channel dimensions because of the low viscosity of the hydrogen. This has posed a serious 
challenge to the technology and difficulties encountered here have delayed the commercial 
availability of such coolers. Progress has been made recently with the use of sputtering 
techniques for better control of the thickness of the bonding layer and work is proceeding 
with magnetron-enhanced-reactive-ion plasma etching to obtain more precisely 
controlled channel dimensions. A 7 layer refrigerator of exactly the same outside 
dimensions as that shown in Figure 1, but which will operate to 27 K with neon or 20 K with 
hydrogen is expected to be available in the next few months 4. 
= 
Figure 1. Microminiature refrigerator 
for 80 K operation. 
(Courtesy MMR Technologies, Inc.) 
Figure 2. Fast Cooldown Microminiature refrigerator. 
Cooldown time < 2 secs to 90 K 
Dimensions 1" x 0.8" x 0.05". 
(Courtesy MMR Technologies,Inc.) 
The refrigerators can be made in a wide range of sizes and capacities. In Figure 2 is 
shown a fast cooldown version, less than 1" in diameter, which can cool to 90 K in under 2 
seconds using argon. These refrigerators are extremely rugged. Several of these have 
been subjected to acceleration tests in excess of 30,000 g's without any failures. In Figure 3 
is shown the argon and hydrogen stage of a three stage refrigerator designed for helium 
temperature operation. Perhaps the most distinctive feature of these refrigerators is their 
low noise operation. Although the gas flow through some of the channels approaches sonic 
velocities, no measurable noise is observed on the cold stage, presumably due to the rigid 
construction of the refrigerator. This has made it possible to use the refrigerators for 
Figure 3. Argon-hydrogen stages of a 3-stage 10 Krefrigerator. 
(Courtesy MMR Technologies, Inc.) 
sensitive electrical measurements in Deep Level Transient Spectrometry (DLTS), Van 
der Pauw measurements of semi-insulating, semiconductor materials and in M'IR 
instruments. It is expected to be of importance for use with superconducting devices. 
Use with Gas Mixtures 
Until a few years ago the only gases which were used in JT systems in the US and NATO 
countries were the pure elemental gases, argon, nitrogen and hydrogen. Hydrogen must 
be cooled to below its inversion point, near 200 K before JT cooling can occur and argon and 
nitrogen, when operated from ambient temperature have a low thermodynamic efficiency 
for cooling. However, i t  was claimed in a patent application filed in the UK in 1971, by 
Alfeev et al.5 from the Soviet Union, that substantially higher thermodynamic cooling 
efficiencies could be attained in JT refrigerators by the use of nitrogen-hydrocarbon 
mixtures. Several mixtures were described with different efficiencies and different 
boiling points. One, in particular, consisting of a mixture of 30% by volume nitrogen, 30% 
methane, 20% ethane and 20% propane afforded a 10- to 12-fold increase in efficiency in 
their cooling unit, compared to the efficiency obtained using nitrogen alone, and had a 
boiling point of 80 K at  ambient pressure. We learned of this work in 1982 and verified the 
essence of their claims in a series of measurements using our microminiature 
refrigerators. An example of the use of one such mixture in a MMR refrigerator is shown 
in the cooldown curves in Figure 4. A spectacular increase in capacity is obtained - a 250 
mW, N2 refrigerator develops a capacity of 2.5 Watts a t  120 K when used with this gas 
mixture a t  120 atm. input pressure. 
In spite of this enormously enhanced cooling efficiency, virtually no interest developed in 
MMR Refrlgerator 
Cooldown Curve 
"0 5 T O  15 20 25 30 
T i m  (Minutes) 
Figure 4. Comparison of cooldown time for an MMR 
refrigerator using nitrogen and with the nitrogen- 
hydrocarbon gas mixture. Both at 100 atm. 
this capability in the US, either in military circles or in commercial applications, because 
of the flammablity or possible explosive potential of the mixture when mixed with air. In 
1985 we discovered6 that the addition of the fire retardant compound Freon 13B1, CF3Br 
known as "Halon", at  a concentration of a few percent by volume, rendered the mixture 
essentially non-flammable. However, more importantly, Halon, which freezes a t  105 K, is 
soluble a t  these concentrations in the hydrocarbon components of the mixture and allows 
use of the non-flammable mixtures in a JT refrigerator to temperatures below 77 K This 
now has opened the door to the use of these mixtures in high efficiency JT  refrigeration 
systems. The mixtures, however, are not without their problems. We noted early on that a t  
certain pressures and in certain refrigerators, some mixtures gave unstable operation, 
exhibiting large dynamic fluctuations in the boiler temperature. In addition, for different 
mixtures, the minimum temperature attained was a rapidly varying function of the 
composition of the mixture, and also, commercially supplied mixtures often gave widely 
different results. The temperature fluctuations appear to arise from the presence of two or 
more liquid components in the boiler, each with a different bubble point. The second 
problem arises from the dependence of the bubble point on the solubility of the hydrocarbon 
components in nitrogen a t  the lowest temperatures and is intrinsic to such mixtures. The 
variations in the behavior of nominally similar mixtures, from different suppliers, 
appears to be due to the order followed in mixing, the temperature at  which it is done and 
possibly, stratification of the gas in the cylinder for some mixtures. In order to understand 
these problems better we have developed a two-pronged attack. First, we have begun a 
program aimed a t  deriving the phase diagram of a series of gas mixtures using an 
empirically determined equation of state which can be generalised for arbitrary mixtures. 
Second, we have built our own mixing station, which allows us to prepare mixtures under 
more controlled conditions. 
Calculation of Phase Diagrams of Gas Mixtures 
Over the past forty years a number of methods have been developed for the calculation of the 
entropy, enthalpy, pressure and fugacity of gases as a function of density and temperaturle. 
These are based on one of several theoretically derived equations of state, which can be 
described by a small set of numerical parameters. These can be programmed on a 
personal computer to give reasonably accurate phase diagrams which encompass the 
critical region and allow the calculation of the properties of both the liquid and gaseous 
phases. One such program, DDMIX (1988) which calculates many of the properties of most 
of the common gases uses in these mixtures is available from the National Bureau of 
Standards'. We had developed previously, our own program to allow a more detailed study 
of the several liquid components present. The calculation of the isenthalps and isobars in a 
TS diagram is shown in Figure 5 for the nitrogen-hydrocarbon mixture indicated. The 
'boiling point involves a special calculation so the two phase region is not shown in this 
figure. As can be seen from the isenthalps, cooling from 300 K to about 120 K occurs for is 
single expansion of the gas fiom 60 atm. to 1 atm. Calculations of the thermodynamic 
efficiency for the cooling process for this and other mixtures gives values which range 
from 40% to 70% of that of Camot in the temperature range from 80 K to 140 K These 
figures, taken in conjuction with the small residual heat losses for a J T  refrigerator and 
the simplicity of the device, makes the JT refrigerator now, an extremely attractive mode 
of refrigeration for this temperature range. 
The properties of the mixtures can be varied over a wide range of values by varying the 
concentration of the lower boiling point components to obtain operation a t  lower 
temperatures, and the concentration of higher boiling point components to obtain higher 
efficiency a t  lower pressures. We have used one composition (50% nitrogen, 28.4% 
Figure 5. Calculated isenthalps and isobars in the 
TS-Diagram for the hydrocarbon gas mixture : 
27% methane, 50% ethane, 13% propane and 10% n-butane. 
methane, 14.2% ethane, 7.1% propane) for refrigeration at 81.3 K at an input pressure of 55 
atm., and another with (34.6% methane, 53.4% ethane, 7.3% propane, 4.7% halon) for 
refrigeration at  136 K with an input pressure of 30 atm. These mixtures offer the possibility 
of using compressors at a pressure an order of magnitude lower than those which have been 
used hitherto for ST systems. 
Of special interest for the cooling of superconducting devices is the possibility of attaining 
temperatures below 80 K with a single gas in a JT refrigerator. Alfeev. et al. claim that by 
the partial substitution of nitrogen with neon in such mixtures, temperatures down to 63 K 
are attainable. We have done some work in this area and have obtained a temperature of 
68 K at  ambient pressure with a mixture having the composition 25% nitrogen, 25% 
methane, 20% neon, 15% ethane and 15% propane. At reduced pressure the temperature was 
lowered to 65 K Further work needs to be done here to obtain the optimum mixture 
composition for minimum temperature operation and reasonable efficiency. This is being 
pursued both theoretically at  Stanford and experimentally at MMR Technologies, Inc. 
Gas Dryers 
Joule-Thomson refrigerators require a gas supply which is relatively free of condensible 
impurities. The smaller versions of the microminiature refrigerators are particular 
sensitive to such impurities, which condense in the fine gas channels, reducing the flow 
output 
Figure 6. Schematic of reversible zeolite dryer. 
and eventually causing a blockage. Upon warming up the exchanger, the frozen 
impurities melt, clear and leave no permanent impairment in the performance of the 
cooler. Water vapor is by far the most common contaminant. Dryers using molecular 
sieves in the form of a long column, can reduce the moisture content to the parts-per- 
million level, which is then sufficient to allow continuous operation for many hours. 
However, where a refrigerator is to run continuously for thousands of hours without 
clogging, the impurity content must be reduced to the parts-per-billion level. A simple 
zeolite dryer cannot maintain this level of purity, While the moisture is readily absorbed 
in the first few centimeters of the column, the continuous passage of the dry gas through the 
column, gradually transports the band of moisture along the column until it reaches the 
far end and then sweeps it out and in to the refrigerator. This can be prevented by the use of 
a gettering type of dryer, which reacts irreversibly with the impurity . These are available 
as point-of-use dryersg, but normally must be operated hot - a t  450' C. They are suitable for 
use with the inert gases, such as He, Ne or Ar but not with the hydrocarbons and most other 
gases, which react with the getter. In particular, they are unsuitable for use with the gas 
mixtures discussed earlier. 
We have had considerable success with a reversible dryer illustrated in Figure 6 .  In this, 
two zeolite drying columns are used alternately, with a fraction of the dry gas at high 
pressure from one column used after expansion to ambient pressure, to sweep thle 
impurities from the other column. With this arrangement the water content can be reduced 
to the parts-per-billion level, allowing essentially clog-free operation. The performance of 
the dryer is generally limited not by the drying ability of the zeolite but by the failure of 
valves or valve seats in the extremely dry environment in which they must operate. 
Compressors 
Until recently, the use of JT coolers with compressors in closed cycle operation have been 
largely unsuccessful. The compressors needed have to have a compression ratio of 150:l to 
3009, which is much higher than that for other cooling cycles. This normally requires, 
three or four stages of compression and the final stages must operate in a dry, clean 
atmosphere a t  extremely high pressures i.e. 150 - 300 atm. The last two factors severely 
limit the life of the sealing rings . At these extremely high pressures and normal operating 
speeds, the pv-rating of most dry, bearing materials is exceeded. In addition, the lubricity 
of many sealing materials goes to zero in such a dry environment, resulting in 
catastrophic fajlure of the rings in a few hours of operation. Oil lubricated compressors on 
the other hand avoid some of these problems, but the presence of oil vapor within the 
compressor causes other problems such as fouling of the valves and contamination of the 
filters. 
In the past five years we have participated in a development program with Showa Seiki, 
Showa Precision Machinery Co., Ltd. in Amagasaki, Japan on the development of a 
small, dry, oil-free compressor for use with our JT systems. This program has solved all 
the problems originally encountered for this system. The key to this successful 
development has been in the design of the sliding seals, the choice of seal material, the 
surface finish of the cylinders and the piston supports. The development has been spurred 
on by the availability now of gas mixtures, which allow operation of the compressors with 
JT refrigerators a t  much reduced pressures. Testing of these compressors has been 
underway for the past three years. One such compressor has been in continuous operation 
at 1 atm. input pressure, 75 atm. output pressure, with a flow of 1.5 Ym, with no 
maintenance, for 8,000 hours with no measureable degradation in performance over this 
period. A second unit designed for operation at 140 atm. and a flow of 2 Vm has been 
operating for 3,000 hrs a t  this point, also without maintenance for this period. This unit, 
which is designed for laboratory use, is shown in Figure 7. Testing is now proceeding on 
the operation of the complete closed cycle system with compressor, dryer and JT 
refrigerator. 
Figure 7. Three stage compressor for operation at 140 atm., and flow of 
2.0 Vm. Outer case removed. 
(Courtesy MMR Technologies, Inc.) 
Discussion 
We believe that it is now possible to build compressors suitable for use with JT 
refrigerators, capable of running continuously without maintenance for periods of the 
order of a year with excellent reliability. The use of the mixed gas as the working fluid 
appears now to make possible light-weight, closed cycle systems with an efficiency equal 
to or better than that of current Stirling cycle coolers. Single gas, JT coolers working at 
ambient pressures appear capable of operating at temperatures near 65 K These look 
particularly attractive for use with high-T, superconducting devices in view of t,he 
relatively high efficiency of refrigeration, small heat losses and low noise operation of 
these JT microminiature refrigerators. The fabrication process, developed for micro- 
miniature refrigerators, is not limited to small scale cooler fabrication but is also 
adaptable to the fabrication of much larger coolers, suitable for cooling such devices as 
CMOS microprocessors, DRAM memory units and large array detectors. These 1arl;er 
coolers are presently under development. 
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Abstract 
The design, development and testing of a multiple stage 80 K 
sorption cooler is described. The 80 K stage consists of two 
praseodymi um ceri um oxide (PCO) chemi sorpt i on compressors which 
compress oxygen from 0.03 MPa (4.4 psia to 2.8 MPa (404 psia) by d thermally cycling between 370°C and 650 C. The high pressure gas 
produced by the compressors flows through a Joule-Thomson (J-T) 
expansion cycle. A carbon/krypton sorption cooler, simulated here 
by an open-cycle J-T refrigerator flowing a gas mixture of 
methane/Freon-14, provides an upper stage precooler temperature of 
140 K. Thermoelectric coolers provide two additional upper stage 
precooler temperatures of 200 K and 225 K. Experimental 
temperature, pressure, and flow rate prof i 1 es are presented. 
Based on these experiments, an improved high-efficiency flight 
design has been developed, which requires approximately 100 Watts 
of energy per Watt of cooling at 80 K. This reasonably low power 
requirement, combined with high anticipated re1 iabil ity, an 
expected lifetime of 5-10 years, and the absence of vibration and 
electromagnetic interference, has made sorption coolers a prime 
candidate for a number of spaceborne cooling applications. 
1. Introduction 
Sorption refrigeration represents a technology which can natural ly meet 
the cooling demands of many future spaceborne instruments which require 
extremely low vibration environments, high operational re1 iabil i ty, and 
long life (5-10 years). Historically, the major disadvantage of 80 K 
sorption coolers has been 1 ow efficiency re1 ative to mechanical coolers 
[l ,2] . The recent discovery of improved sorbent/gas combinations [3 ,, 41,  
and the development of an innovative compressor design [4], has led to 
efficiency 1 eve1 s which are now competitive. 
The design and testing of an 80 K laboratory breadboard sorption cooler, 
which uses some of these newly discovered materials, is described here. 
The 80 K cascaded Joule-Thomson (J-T) refrigerator also contains three 
precooler stages. Separate thermoelectric cooler (TEC) stages provide 225 
K and 200 K temperatures, and a carbon/krypton sorption cooler provides 
140 K. Details of the development and testing of the upper stage 14.0 K 
carbon/krypton system, and the integrated testing of both sorption stages, 
are described elsewhere [4,5J. In the experiments described i n  this 
paper, the 140 K carbon/krypton sorption cooler stage has been simulated 
by an open-cycle 3-T cooler. 
The fol 1 owing sect ion reviews the fundamental s behind the operation and 
design of sorption coolers, including the choice of sorbent and gas 
materials, and a description of .the overall system design. Next, the 
experimental hardware is described, including the sorption compressors, 
J-T valves, and thermoelectric coolers (TEC's) . The experimental results 
and current development status are discussed in the final sections. 
2 .  Sorption Cooler Principle of Operation and System Design 
Sorption refrigeration is a logical adaptation of the well known Joule- 
Thomson (J-T) expansion cycle, wherein a compressed refrigerant gas i s 
expanded through an orifice to obtain a highly cooled and partially 
liquefied fluid [6]. Evaporation of the liquid by the instrument detector 
heat load provides the desired cooling effect. With sorption 
refrigeration, the gas is stored in a sorbent material via chemical or 
physical adsorption. When the sorbent bed is subsequently heated, the 
working fluid is pressurized and driven off, serving as the refrigerant 
gas for the J-T expansion cycle. A closed cycle system is obtained by 
resorbing the evaporated gas returning from the J-T expander in a cooled 
sorbent bed. By a1 ternately heating and cooling several sorbent beds, the 
J-T cycle can be supplied by a steady stream of high and low pressure gas. 
Because of the absence of motors and mechanical displacement devices, 
sorption compressors are environmentally benign, generating no magnetic, 
electric or vibration fields. The system is completely sealed, with no 
lubricants, and can be easily vacuum-baked to achieve the necessary system 
cleanliness. This, combined with the absence of moving parts, enables the 
system to achieve excellent operational reliability and long life. 
JPL has conducted feasibility testing on a number of promising candidate 
sorbent/working fluid combinations over the past 10 years [l-5,7]. Figure 
1 summarizes the cooling temperature ranges of some of the most promising 
of these materials, and highlights the selection of the optimal 
combination for a two-stage 80 K/140 K cooler. 
A major factor in choosing the appropriate sorbent/gas combination for a 
given refrigeration temperature is the avai 1 able heat rejection 
temperature. Typically, the lower the heat rejection temperature, the 
greater the adsorption capacity of a given sorbent. Previously, the only 
known means to obtain sorption refrigeration in the 80 K range was by 
physically adsorbing nitrogen to activated carbon at temperatures of about 
225 K [1,2]. This low heat rejection temperature is feasible for only 
limited spacecraft applications, and requires extremely large radiators. 
The major breakthrough which led to the work described here was the 
discovery of an oxide compound, praseodymium cerium oxide (Prl-nCenOx, 
given the acronym PCO), used initially by Union Carbide Corp. for oxygen 
separation from air [8]. The PCO/OZ sorpti on/desorpti on chemical reaction 
was found to be fully reversible, with no degradation of the oxygen uptake 
capacity encountered after testing for over 7000 cycles [8], thus making 
it a sui tab1 e candidate materi a1 for sorption refrigeration. To achiieve 
reasonable J-T expansion efficiencies, the oxygen generated by the PC0/02 
compressors must be precooled by a separate upper stage sorption cooler to 
approximately 140 K, prior to ex.pansion through the J-T. 
A carbon/krypton physical adsorption system has been chosen as the 140 K 
upper stage precooler. Gas adsorption in both the PC0/02 and C/Kr systems 
occurs at temperatures well above 225 K, so there is no need for low heat 
rejection temperatures. The C/Kr sorption cooler has been built and 
successful1y tested [4,5], but was simulated here by an open-cycle J-T 
cooler using a gas mixture combination of 25% methane and 75% Freon-14. 
The gas mixture produces a greater cooling power than the two existing 
C/Kr compressors can generate, and produces a more stable upper stage 
temperature. The gas mixture has a saturation temperature of about 139 K 
at an atmospheric pressure of 0.1 ~ MPa. It was operated at a high pressure 








55 100 8 0  W140 K ,-, C O O L E R 1  
I 
0 2 5  5 0  75 100 1 2 5  150 1 7 5 2 0  
TEMPERATURE (K) 
Fig. 1 Temperature ranges of 
sorption cooler stages. 
VALVE 
HEAT LOAD 
Fig. 2 Schematic of two-stage 
80 K/140 K sorption cooler. 
of 7.83 MPa (700 psia), and produced a flow rate through its J-T valve of 
about 160 sccm. Krypton itself was not used as the open cycle J-T fluid 
because the gas mixture .has a higher J-T efficiency and a much lower cost. 
A simplified schematic of the two-stage closed-cycle cooler is shown in 
Fig. 2, together with nominal values of operating temperatures and 
pressures. Note that the 140 K carbon/krypton stage actually liquefies 
the high pressure oxygen prior to expansion in the J-T valve to its 
ultimate low temperature of 80 K. In a similar manner, a 200 K 
thermoelectric cooler (TEC) is used to liquefy the high pressure krypton 
(or methane/Freon-14) prior to expansion in its J-T valve to 140 K. 
Liquefying the high pressure refrigerant fluids prior to J-T expansion 
removes the latent heat of vaporization, and thus greatly improves the J-T 
efficiency. Finally, an upper stage of cooling is provided by a 225 K 
TEC, which is also used as the heat sink for the 200 K TEC. 
The low pressure sides for each stage are fixed at the respective oxygen 
and krypton saturation pressures at 80 K and 140 K. The high side 
pressures are set by the 1 iquefication pressures of oxygen and krypton at 
their respective precooler temperatures of 140 K and 200 K. The 
compressor operating temperatures are based on the adsorption isotherm 
data for the PC0/02 and C/Kr systems [4,5] and the required pressure cycle 
limits. It is theoretically possible to operate the oxide stage at 
temperatures down to just above the freezing point of oxygen (54.4 K), but 
the heat exchanger design must allow for extremely small pressure drops. 
3. Experimental Hardware Design 
A simplified schematic of a generic sorption compressor design is shown in 
Fig. 3. A key element of the compressor is the gas-gap heat switch, which 
a1 lows the sorbent bed to be alternately thermally isolated from, and then 
thermal ly connected to, the external heat sink radiators. Heat conduction 
across the switch is accomplished by filling the 2.29 mm (0.090 inch) gap 
with a low pressure (approximately 10 torr) gas. Isolation is 
subsequently achieved by evacuating the gap to about torr. The heat 
switch gas for the laboratory breadboard cooler, nitrogen, is supplied 
from a regulated storage bottle, and the gap is evacuated with a 
laboratory cryopump. Venting may be eliminated for a flight cooler by 
using a closed cycle heat switch which utilizes a gas source and getter 
system. To reduce radiative heat leaks across the gap, five layers of 
Heat Switch Working Fluid 
Inlet &Outlet 
Gas Gap Heat Switch L! Radiation 
(0.254 - 2.54 mm, typical) Shields 
Fig. 3 Sorption compressor concept. 
nickel foil, coated with vacuum deposited gold, are placed in the gap as 
radiation shields. 
Referring to Fig. 3, the pressure vessel cylinder, containing about 200 g 
of PCO, is a 2.54 cm (1.0 inch) OD by 12.7 cm (5 inch) long canister 
constructed of Inconel 625. The oxygen flows in and out of the canister 
through a small, 1.59 mm OD (l/l6"), Inconel 625 capillary tube. A 1 
micron sintered Inconel filter prevents PC0 powder from lea~ing out of the 
canister. 
A1 though the sorption compressors are perhaps the most unique element; of 
the sorption cryocooler, a second and very important element is the 
cryostat, which typically interfaces with an instrument focal plane 
(simulated here by a heater), and contains the J-T expanders, counterflow 
heat exchangers, and thermoelectric coolers noted in Fig. 2. 
The cryostat consists of three concentric shields, surrounded by an 
external housing which is maintained at room temperature (294 K) bly a 
recirculating water cooler. The housing surrounds a 225 K shield, which 
is cooled by a series of six 4-stage TEC's. The 225 K shield surrounds, 
and acts as a heat sink for, a 3-stage TEC which cools the next shield to 
200 K. Very high thermally conductive flexible copper straps allow 
independent thermal expansion of the TEC' s re1 at i ve to their respecti ve 
thermal shields. A1 1 TEC's were purchased from Marlow Industries. 
Each of the cryostat radiation shields are constructed of thin, gold- 
plated copper material, with additional mu1 ti 1 ayer insulation (CILI) 
between the 140 K, 200 K, 225 K, and 294 K shields. The shields are 
suspended in position relative to each other by a series of low thermal 
conductivity pl astic supports. 
The J-T valves are commercially manufactured sintered flow restrictor 
filters from Mott, Inc. These J-T valves have been found to be extremely 
re1 i abl e, repeatable, and non-cl ogging, due primarily to their re1 atively 
large flow area compared to a fixed orifice. As added protection, zeolite 
filters are located upstream of both J-T valves to remove possible trace 
contaminants. The liquid Kr (or CHq/Freon-14) and liquid 02 are collected 
downstream of the J-T valves by means of centrifugal swirling inside small 
cylinders, 1.27 cm (1/2 inch) OD x 1.27 cm (1/2 inch) long. The boiled 
gas is then withdrawn from the center of the cylindrical dewars as heat is 
added to the dewar wall s. A small heater bonded to the oxygen dewar wall 
provides a simulated detector heat load. 
Figure 4 shows a photograph of the PC0/02 sorption cooler with the two- 
stage J-T cryostat. The cryostat is the cylindrical object on the bench 
at the left, the bottle of mixed gas is located to the left of the 
cryostat, and the PC0/02 compressors are located behind the panel under 
the window on the right. The data acquisition/control system can be seen 
at the far right. The system can be made much more compact for flight, 
but one of the advantages of sorption coolers, the ability to locate the 
cryostat remotely from the compressors, is evident. 
Fig. 4 80 K sorption cooler laboratory breadboard system. 
4. Experimental Results 
Figure 5 shows experimental compressor temperature, compressor pressure, 
and refrigerator high and low pressures as a function of time over several 
compressor cycles. As the compressors are heated, the oxygen is desorbed 
and pressurized, until the outlet check valve opens at -410 psia (2.83 
MPa). Further heating produces outflow of oxygen from the compressors, as 
indicated by the sl ightly rising refrigeration system high pressure. 
Next, as the compressors cool, the pressure decreases until the inlet 
check valve opens at -3.3 psia (0.023 MPa). Further cooling produces 
inflow of oxygen from the low pressure side of the J-T cycle, as indicated 
by the decreasing refrigeration system low pressure. Note that the two 
compressors were operating approximately in-phase during the 100 minutes 
shown in Fig. 5. There are slight design differences between both 
comp'ressors, and thus their cycle times are not identical (28.9 min and 
29.5 min for units A and B, respectively). 
Figure 6 shows the cold stage temperature, refrigerator low pressure, and 
flow rate variation with time, over a 5 hour period. The oscillations are 
due to the inherent intermittent compressor operation, with the peaks 
caused by compressor intake strokes. Note that the temperature 
oscillations directly follow the pressure oscillations, as the cold stage 
temperature is equal to the saturation temperature of oxygen at the 
corresponding 1 ow pressure. 
Time (min) 
Fig. 5 PC0/02 compressor temperature and pressure, and refrigerator 
high and low pressures, as a function of time. 
Although the operating characteristics of the sorption cooler can be seen 
to be quite dynamic, with complex oscillations of pressures and flow rate, 
the temperature stability of the 80 K stage was maintained within 50.4 K 
throughout the 7 hour test period. This value could be reduced by 
approximately 50% by operating the two compressors out-of-phase. The 
temperature stability can be further improved by operating slightly above 
the saturation temperature, by applying additional heater power to the 
cold stage, thus el iminating the temperature osci 1 1  at ion correspondlence 
with the fluctuating low pressure. With closed-loop feedback control on 
the cold stage heater, the temperature stability could be improved to 
within k0.1  K. 
Over the 7 hour test, the two PC0/0? compressors produced a time-averaged 
flow rate of 71 sccm, with a total time-averaged compressor input power of 
96 W. This flow rate produces a gross cooling power of 0.274 W at 810 K, 
assuming a heat exchanger effectiveness of 0.95. The gross cooling power 
consists of a parasitic heat load of 0.11 2 0.010 W, and an additional 
0.164 W generated by the cold stage heater. . . The gross cool ing power 
calculation is not very sensitive to the heat exchanger effectiveness, 
Time (min) 
Fig. 6 Cold stage temperature, refrigerator low pressure, and oxygen 
flow rate as a function of time over a 5 hour test period. 
as it ranges from 0.269 W to 0.279 W, for heat exchanger effectiveness 
values of 0.9 to 1.0, respectively. 
5. Devel opment Status 
A techno1 ogy development program is underway at JPL to develop a fl ight- 
1 ike, two-stage 80 K/140 K sorption cooler, within the next few years. 
Th i s program includes component re1 iabil i ty studies, analytical 
performance model i ng , critical component development , and research on 
advanced sorbent/gas combinations . 
The laboratory breadboard cooler described here and in Ref. 4 was the 
first critical step in the technology development program. It is 
basically a proof-of-principle model and test bed for the 80 K/140 K 
sorption cooler, and was not designed for high efficiency. The power 
requirements can be greatly reduced for a f1 ight cooler, particularly by 
miniaturizing the cryostat and by using an innovative high-efficiency 
compressor design, as described be1 ow. 
The laboratory cryostat housing is a 35.6 cm (14 inch) diameter, by 35.6 
cm (14 inch) long, aluminum cylinder. The large size was chosen for ease 
of assembly and disassembly, but at the price of large parasitic radiative 
heat leaks. Thermal analysis indicates that the heat load on the 
laboratory cryostat 225 K stage can be reduced by over 90% by 
miniaturizing the cryostat [9]. The prel iminary design of a miniaturized 
flight cryostat, geared towards a specific instrument, has been completed. 
A great performance improvement can be obtained by using an innovative 
compressor design in which the energy released from the PC0/02 compressors 
during their cool ing phase is used to heat the C/Kr compressors du,ring 
their heating phase. Because the PC0/02 compressors operate in a much 
higher temperature regime than the C/Kr compressors, as shown in Fig. 2, 
the C/Kr compressors can be powered by no additional energy beyond that 
needed to heat the PC0/02 compressors. In addition, the compressor can be 
designed with much lower heat losses than for the current laboratory 
PCO/O2 compressor. A fl ight design imp1 ementing this heat recuperation 
scheme has been developed, analyzed, and will be fabricated in the near 
future. 
Further efficiency improvements can be achieved by using an optimized PC0 
formula, Pr CJ Ceo.oo80x, which has a usable oxygen loading of 1.5%, 
compared wit ! t% e 1.2% oxygen loading for the currently used Pr Ceo. Ox. 
In addition, we are actively investigating some a1 ternate canlitate gigh 
efficiency sorbent/gas combinations which have even greater gas loading. 
Table 1 summarizes the analytically predicted refrigerator coefficient of 
performance (COP) of a flight cooler which incorporates the features 
described above, including all compressor power and TEC power. The 
refrigerator COP is simply the ratio of the cooling power, Qc, to the 
input power, Qin: 
The efficiency, expressed as fraction of Carnot efficiency, is given by 
Substituting a heat rejection temperature of To = 275 K, a cooling 
temperature of Tc = 80 K, an input power of Qi = 113 W, and a cool ing 
load of Qc = 1 W, results in COP = 1 W/113 W = 0.\09, and an efficiency of 
COP/COPcar ot = 0.022. For comparison, this efficiency is about 32% of 
that for t\e Oxford Stirling Cooler being developed by British Aerospace 
Gorp (COP/COPCarnot - 0.07) [lo]. 
Note that a sorption cooler can never achieve the Carnot efficiency given 
in the denominator on the right hand side of Eq. (2). Because it is 
actually a refrigerator driven by a heat engine, the maximum COP 
achievable by a sorption cooler is a product of a heat engine Carnot 
efficiency and a refrigerator Carnot COP. Although the efficiency is not 
as high as for some mechanical coolers, the power requirement is quite low 
for many low cooling load appl ications. The reasonably low power 
requirement, combined with high re1 iabil i ty, 1 ong-1 i fe, and absence of 
vibration and electromagnetic interference, makes sorption coolers ideal 
for many applications. 
Table 1. Flight cooler performance predictions 
Heat Rejection l/COP 
Temperature (K) (Watt Heating/Watt Cool i ng) 
6. Concl usi ons 
Development of the 80 K laboratory breadboard cooler and the successful 
preliminary testing described here have been a major step in demonstrating 
the feasi bi 1 i ty of using sorption coolers for long duration, vibration- 
free, spaceborne cryogenic cooling applications. A high-efficiency flight 
cooler, building on the experience of the design presented here, is 
currently being developed. 
This research described in this paper was carried out by the Jet 
Propulsion Laboratory, California Institute of Technology, under contract 
with the National Aeronautics and Space Administration. The authors would 
1 i ke to thank Bill Boulter, Dave LaCasse, Tony Agajanian, Peter Bruneau, 
Lloyd Swanson, and Glenn Bummer for their contributions to the cooler 
fabrication. 
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ABSTRACT 
A novel design for a non-clogging, quick cooldown Joule- 
Thomson (J-T) nozzle was described in a previous paper 
ttTemperature Sensitive Variable Area Flow Regulator for 
Joule-Thomson Nozzlesw presented at the fourth Internatilonal 
Cryocooler Conference in 1986. The design utilized 
differential thermal expansion and a tapered annular orifice 
with labyrinth flow spoilers to achieve temperature-dependent 
flow and avoid the problem of orifice blockage by flow 
contaminants. Prototype miniature cryostats were fabricated 
and tested with performance exceeding expectations. 
Work has now been completed to extend the new nozzle design 
to higher flow capacities and incorporate it in a prototype 
cryocooler for delivery to NASA. The system liquefies 
nitrogen in a closed Linde-Hampson cycle to provide 
continuous useful refrigeration. The prototype cryocooler 
combines the new cryostat design with a specially-developed 
four-stage reciprocating compressor and a refrigeration-.load 
dependent closed loop speed control. The compressor utilizes 
extensive in-house research and testing on materials and 
configurations for piston seals and valves optimized for 
minimum leakage, dead volume, flow restriction, and wear. 
INTRODUCTION 
Joule-Thomson nozzles (cryostats) typically require Ihigh 
purity gas and thorough filtration to prevent blockage of the 
expansion orifice with condensed gaseous contaminants and 
solid particulates. A temperature/load sensitive J-T nozzle 
has been developed which tolerates high levels of both 
gaseous and particulate contamination in the supply flow. 
* Supported by the National Aeronautics and Space 
Administration Small Business Innovative Research (SIBIR) 
Phase I1 Program Contract No. NAS10-11322 
This paper details the design and performance of the non- 
clogging J-T expansion nozzle as it was developed for 
integration into a closed Linde- amps son cycle cryocooler for 
NASA. The cryocoolerls oilless high pressure gas compressor 
and system feedback control loop are also discussed. 
CRYOSTAT DESIGN 
A cross-section of the J-T cryostat is shown in Figure 1. 
The temperature/load responsive demand flow capability of the 
cryostat results from differential contraction of the 
structural components. During cooldown and steady state 
operation, the thermally active sheath contracts and expands 
to a greater extent than the thermally stable core. The core 
and sheath are essentially fixed at the end opposite the 
nozzle, which forces all temperature induced component 
movement to take place at the expansion orifice. 
FLOW REGULATION 
The cryostatls ability to regulate flow in response to heat 
load is due primarily to the heat-exchanger-induced 
temperature gradient running the length of the structural 
components. The finned tube of the Giauque-Hampson 
recuperative heat exchanger is wound around the periphery of 
the thermally active sheath. The recuperative heat exchange 
process creates an ambient to cryogenic temperature gradient 
along the length of the sheath and core. The effectiveness 
of the heat exchange process defines the temperatures along 
the gradient. Heat exchange effectiveness may be considered 
in terms of the surface areas available for heat transfer and 
the velocities of the opposing gas flows. With fixed 
surface areas, the effectiveness will vary in relationship to 
the gas velocities. 
The boil-off rate of the puddled liquid cryogen corresponds 
to the applied heat load. When an increase in the applied 
heat load is experienced, a corresponding increase in the 
boil-off flow rate is produced. The increased flow velocity 
decreases the heat exchange effectiveness, which results in a 
shift in the temperature gradient experienced by the 
structural components. This shift acts to increase the mean 
temperature of the structural components. The temperature 
increase causes the thermally active sheath to expand more 
than the thermally stable core. This results in an increased 
flow area, a higher mass flow rate through the expansion 
orifice and an increase in cooling capacity. This process is 
reversed to adjust to a decrease in applied heat load. 
ANNULAR EXPANSION ORIFICE 
The converging annular expansion orifice is formed by the 
position of the tapered tip within the tapered seat. The 
resulting flow annulus has a relatively large circumference 
for a small flow area so that the susceptibility to clogging 
is much less than for a small circular hole. 
Labyrinth flow spoiler grooves in the tapered tip provide 
turbulence voids which help break up and clear condensed 
contaminants, while generating turbulence walls which enhance 
the flow friction of the annulus. 
The tapered nozzle geometry determines the variation in mass 
flow rate resulting from contraction or expansion of the 
structural components. The nozzle included angle is the 
principle factor in determining the change in flow area and 
resultant mass flow rate. A large included angle will 
produce a greater change in flow area for a given linear 
movement than will a small included angle. 
Flow studies were conducted with nozzles of different 
angles, aspect ratios (length to diameter), and labyrinth 
spoiler configurations and spacing. The studies allowed 
characterization of the flow parameters and 3-T 
effectiveness based on the above parameters. This resulted 
in a nozzle design with optimum performance for the intended 
flow regime. 
MICROMETER FLOW ADJUSTMENT 
The cryostat flow rate (hence cooling capacity) can be 
manually adjusted prior to, or during, operation with the 
micrometer flow adjustment. The mechanism permits presetting 
of the cooldown flow rate and fine or gross adjustment of the 
steady state flow rate to achieve specific coolting 
capacities. The adjustment mechanism is also used in fine 
tuning the closed loop cryocooler for maximum performance,, 
The flow adjustment design has been modified to increase its 
accuracy, repeatability and position retention. The 
modifications included the addition of ad justable linear 
thrust bearings, hardened bearing surf aces and an adjustment 
to eliminate screw thread backlash. The micrometer 
adjustment has a range of - 2 5  cm and a flow adjustment 
accuracy to within . 3  l/min. during operation of the 
cryostat . 
The J-T cryostat was subjected to a series of performance 
tests to determine its maximum cooling capacity, expansion 
space backpressure, responsiveness to heat load variations, 
and cooldown characteristics with different ,applied heat 
loads. The performance testing- was conducted with the 
cryostat inserted in a test dewar with a thin wall ( . 2 5  mm) 
321 stainless steel coldwell insulated by a vacuum of 
3 x 10'~ Torr. 
The metal coldwell was equipped with a cable-type heating 
element coiled and soldered to the outer surface at the base 
of the coldwell in the region where the liquid nitrogen 
puddled. A platinum RTD temperature sensor was mechanically 
fastened to the bottom of the coldwell, with a thermal paste 
used to increase heat transfer. The heater and temperature 
sensor were both calibrated by immersion in liquid nitrogen 
prior to testing. All tests were conducted with the cryostat 
calibrated to provide a nitrogen flow rate of 65 l/min. at 
138 bar. The cryostat cold end components have a thermal 
mass of approximately 92 grams which requires removal of 8000 
Joules during cooldown. The cooling capacities reported 
include the parasitic heat load of the test dewar. A turbine 
flow meter calibrated at standard temperature and pressure 
was used to measure the cryostat exhaust flow rate. However, 
the calibration curve invalidates flow rates below 5 l/min. 
and above 140 l/min. 
HEAT LOAD RESPONSIVENESS 
This test series characterized the cryostatls ability to 
adjust the flow rate in response the variations in the 
applied heat load. As noted on the graph in Figure 2, the 
cryostat achieved cooldown to 80 K in approximately two 
minutes with zero applied heat load. The cryostat reduced 
and maintained the flow rate below 5 l/min. in approximately 
25 minutes. The flow rate did not increase until the applied 
heat load reached approximately 1 watt. The flow rate then 
increased in proportion to the applied heat load until the 
flow regulating capability was overpowered at approximately 
30' watts. 
The liquified nitrogen temperature remained at 80 K for flows 
of up to approximately 40 l/min. At this point the 
increasing back pressure (vapor pressure) acted to increase 
the nitrogen boiling point above 80 K. The maximum stable 
temperature of 84 K was noted at the 30 watt heat load 
setting. Testing was conducted with decreasing heat loads 
with similar results. 
COOLDOWN CHARACTERIZATION 
This test series characterized the temperature and flow 
parameters of the cryostat when subjected to cooldown 
sequences with differing applied heat loads. The graphs in 
Figures 3 to 8 plot the results of these tests at heat load 
settings of zero, 5 watts, 10 watts, 15 watts, 20 watts and 
25 watts. The cooldown characteristics at given heat loads 
are summarized in the following table: 
HEAT LOAD-WATTS 
MIN. TEMP. ACHIEVED (K) : 80 80 80 81 81 83 
COOLDOWN TIMESPAN (min) : 2 2 3 3 4 7 
TIME TO STABILIZE (min) : 13 20 6 10 12 16 
STABILE FLOW RATE (l/m) : 0 15 30 40 45 67 
TEMP. FLUCTUATION (K) : <1 <1 1 1 <1.2 *:1.4 
MAXIMUM COOLING CAPACITY 
With an inlet pressure of 138 bar, the cryostat could be 
manually adjusted to proviae a maximum cooling capacity of 37 
watts at 85 K with a flow rate of 100 l/min. 
EXPANSION SPACE PRESSURE 
Testing was conducted to determine the expansion space 
pressure (cryogen vapor pressure) based on the flow rate. 
The expansion space pressure is a function of the return flow 
pressure drop through the Giauque-Hampson heat exchanger. At 
flow rates up to approximately 40 l/min., the expansion space 
pressure remained at 1.41 bar. The expansion space pressure 
then increased linearly to a maximum of 1.96 bar at 100 
l/min. flow. 
LINDE-HAMPSON CRYOCOOLER SYSTEM DESCRIPTION 
The non-clogging cryostat has been integrated into a closed 
Linde-Hampson cycle cryocooler to provide useful 
refrigeration on a continuous basis. The cryocooler is 
currently undergoing performance and environmental testing 
prior to delivery to NASA. 
The system includes an oilless high pressure four-stage gas 
compressor to feed the cryostat. The compressor utilizes 
specially developed one-way piston seals constructed olf a 
self lubricating material. The pressure actuated valves were 
developed specifically to provide minimal leakage and dead 
volume. The compressor is designed to supply the cryostat 
with nitrogen compressed to 172 bar at flow rates up to 100 
l/min. The compressor is capable of compressing the gas to 
242 bar at flow rates up to 200 l/min. The system is 
controlled by a feedback control loop which automatically 
adjusts the compressor mass flow rate to balance the applied 
heat load. 
CONCLUSION 
The non-clogging, temperature/load sensitive J-T cryostat 
developed during this program exhibited the ability to 
accurately adjust the flow rate in response to the applied 
heat load. It provided rapid cooldown with varying heat 
loads and is capable of being adjusted to a variety of flow 
regimes and cooling capacities. The J-T cryostat has been 
integrated into a closed Linde-Hampson cycle cryocooler and 
in currently undergoing system level performance testing. 
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Abstract 
A closed-cycle refrigerated, single-channel Neuromagnetometer has been 
developed which operates at noise levels equivalent to those of dewar 'based 
systems. The device uses a commercial Gifford-McMahon cryocooler to which a 
non-magnetic Joule-Thompson cooler and support stage have been added. The 
magnetic sensor is a second-order gradiometer connected to a DC SQ!UID. 
Residual vibration induced magnetic noise, which at discrete frequencies is 
approximately 30-50 db above the white noise level, is removed using a PC 
based digital comb filter resulting in a system noise of approximately 20 f T / a z .  
The system will operate at any orientation. Two of these systems, including 
gantries, have been built and installed at New York University in a magnetically 
shielded room. 
1. Purpose 
Current Neuromagnetometersl use dewars to maintain the 4 K environment 
necessary for operating SQUIDS and superconducting pickup coils. The dewar 
maintains a reservoir of liquid helium (LHe) in which the superconducting 
elements of the system are immersed. A typical system has a reservoir of 10 
liters of LHe which provides for approximately three days of operation between 
transfers of LHe yielding a consumption of 2-3 liters of LHe per day. There 
are several problems associated with having large reservoirs of LHe. First, in 
typical installations in the United States no He recovery system is used so that 
this non-renewable resource is lost. Second, because of the large reservoir of 
liquid, typical dewars cannot be tilted beyond 45 degrees, thus restricting the 
area of the scalp that can be monitored magnetically. In order to measure over 
opposite hemispheres of the brain simultaneously, special dewars having tipped 
coil arrays have been built2. These dewars in general are not suitable for 
more general types of measurements. Third, the use of LHe presents a safety 
problem. In the event of an accidental loss of vacuum in the insulating regions 
of the dewar, flash boil-off of 10 litres of LHe could explode the dewar and 
produce about 7700 litres of gas which could displace the oxygen in an enclosed 
room. 
The purpose of this project was to provide a closed-cycle refrigerated, 
single-channel Neuromagnetometer called CryoSQUID. It was to be reasonably 
small (11 kg), operate at current LHe based noise levels (20 fT/&Xz), run 
continuously for more than one month between routine maintenance and more 
than one year between major maintenance, and operate at orientations from 0 
to 135 degrees from vertical allowing measurements to be taken over opposite 
hemispheres of the brain simultaneously. Where possible, commercially available 
technology was to be used. Existing 4.5 K platforms were unsuitable because 
they were either too magnetic, too vibrationally noisy for use with SQUID-based 
systems, or simply too large. 
2. Construction 
2.1. Thermal 
The starting point for the construction of the CryoSQUID is a commercial 
Gifford-McMahon (GM) cryocooler. A multi-stage all Joule-Thompson (JT) 
cooler was ruled out for a number of reasons, among which were: develop- 
ment and construction of the compressors necessary to handle the different 
stages was deemed unfeasible in the time frame allowed, the safety hazard 
associated with the handling of high pressure hydrogen in a hospital 
environment, and JT devices are more prone to interruption .of operation 
arising from plugging of the JT impedance. The GM unit we chose3 has 
two stages and is capable of 2 watts of cooling at 15 K. In constructing 
CryoSQUID the performance of the unit as measured by cooling power is 
degraded considerably, by 30-50%~, by separation of the valve motor (VM) 
from the expander by 4 meters. This distance eliminates the magnetic and 
acoustic noise due to the (VM) by placing it outside of the magnetically 
shielded room (MSR) in which the units are installed. Under the final 
operating conditions the first stage of the GM unit operates at approx- 
imately 60 K while the bottom stage operates at 10-12 K. A side benefit of 
this separation is the reduction in the vibrational noise caused by the gas 
surges in the expander. This is because of the increased time constant for 
flow into the expander caused by the long lines from the VM to the 
expander. 
2.1.2. Joule-Thompson loop 
A non-magnetic, low capacity, helium JT loop is added to the GM unit to 
provide the 4.5 K stage to which the electronics (SQUID and pickup coil) 
are attached. The JT loop consists of three helically wound counterflow 
heat exchangers connected through two isotherms, one at 60 K and the 
other at 12 K. The final exchanger terminates through the JT impedance 
into a 30 cm3 collection volume. Each of the isotherms is packed with 
activated charcoal to act as a cold trap for the supply gas. Gas is supplied 
to the JT at 2.31 MPa from the same compressor that supplies the GM 
cooler. The flow rate is 0.025-0.033 standard litres per second (slps) with a 
return pressure of 0.10-0.11 MPa. Two units are run in parallel from the 
same compressor. A supplementary compressor is used to boost the return 
gas to the GM return pressure of 0.59-0.62 MPa. Commercial helium 
compressors are used5 with a total power consumption of 4.8 kW. The 30 
cm3 collection volume serves two purposes: the first is to provide a thermal 
mass to damp out any temperature fluctuations and the second is to provide 
a thermal reservoir for an intermittent operating mode which is described 
below. There is another protection against thermal noise built into the 
system in the form of a weak thermal coupling between the electronics and 
the 4.5 K platform. The time constant for this coupling is on the order of 
1-2 minutes. 
The counterflow heat exchangers are constructed by inserting multiple 
small tubes, which carry the supply gas, inside a single larger tube which 
carries the return gas. Separation manifolds are provided at each end of 
each exchanger to break out the supply and return flows for them to be 
brought into thermal equilibrium with the GM cooler. The calculated eff- 
iciencies for each of these heat exchangers exceeds 95%. Since at no time 
during the development of CryoSQUID were the efficiencies of the heat 
exchangers a problem, the efficiencies were never measured. The calculated 
cooling power of the system is 56 mW given a flow rate of 0.029 slps from 
2.31 to 0.11 MPa. The JT impedance is a fixed impedance consisting of a 
pressed sintered metal plug. 
The longest sustained operation of the system has been 4 weeks after 
which it was shut down to ship to New York University (NYU). Since 
arriving at NYU the longest the system has run is 3 weeks at which time 
the GM failed due to leaks in the room temperature plumbing. No evidence 
of plugging of the impedance has been observed even under conditions 
where the GM displacer has failed. 
2.2. Magnetic 
The SQUID sensor consists of a standard Biomagnetic Technologies inc. 
(BTi) DC SQUID which is attached to a superconducting pick-up coil. This 
coil is a second-order gradiometer with a 2 cm in diameter and a 5 cm 
baseline This combination, in the absence of external noise sources such as 
dewars etc., has an intrinsic equivalent noise level of less than 10 fT/.c/Hz. 
When combined in the CryoSQUID a noise level of 20-25 fT/&z is achieved. 
A major problem associated with using any GM type cooler is the amount 
of vibration present in the system. In magnetic measurements systems such 
as these, the signals of interest are typically 6-8 orders of magnitude below 
the ambient local fields. In addition the local field is spatially non-uniform. 
Vibration of the pickup coil therefore leads to spurious signals. Measure- 
ments done on a several cryocooler systems6 which use a fluidic drive for 
the displacer exhibited displacements of the cold finger tip along its axis of 
0.03 to 0.08 mm depending on the exact implementation of the GM scheme. 
These displacement measurements were done both when the GM was at room 
temperature and when is was cold, using an accelerometer7. Measurements 
made on the final system indicated that a displacement of 0.03 mm either 
inside or outside of a MSR would lead to induced signals about 5000 times the 
system noise level. Systems employing a motor driven displacer exhibited too 
much side torque from the motor. Any neuromagnetic sensor attachecl to 
such a mount would have an unacceptable level of vibrational noise introduced 
by the cooler. Mechanically mounting the pickup coil to a separate, large, 
stable mass with only flexible thermal coupling to the cold finger would 
eliminate the direct vibration of the coil. This approach was rejected because 
the system under development had to be relatively small and highly mobile. 
An alternate mounting scheme was suggested by the observation that 
while the cold finger of the system was moving on the order of 0.03 mm, the 
warm end of the system, i.e. the top flange, was moving less than 0.003 mm. 
Calculations showed that this was consistent with the interpretation that most 
of the motion of the cold finger was due to the stretching of the stainless 
steel pressure vessel under the oscillating pressure. If the magnetic sensor 
could be mounted to the top flange while attaching it thermally to the cold 
finger the noise due to vibration might be manageable. 
A prototype constructed to test this showed that the vibrational noise 
was not eliminated, but it was reduced to a manageable level. It also 
revealed that the vibrational noise was very stable, and was represented by 
noise peaks at the fundamental frequency of 2.4 Hz and its harmonics. A 
real time digital comb filter, based on a personal computer, was assembled 
which was able to reduce this noise to the white noise level of the system 
with minimal distortion to the signal. This filter will be described more fully 
below. 
Fig. 1. System Schematic. The final system weight, excluding compressors, 
was 12.4 Kg. Gas handling system and split VM not shown. 
Once the JT loop is mounted and the electronics attached, suitable 
thermal shielding must be provided. Two thermal shields are used. A '60 K' 
shield is attached to the first stage of the GM unit (Fig. 1) and a second 
shield is attached to the 4.5 K stage. No intermediate shield is necessary. 
Both shields are constructed from fiber reenforced plastics (FRP) which are 
isothermed along their length. The bottom of the '60' K' shield runs at about 
90-100 K while the bottom of the '4 K' shield may run as hot as 10 K. This 
later temperature was never measured but was derived from heat flow calc- 
ulations assuming a heat input to the shield of 20 mW. Superinsulation is 
used around both shields. 
The entire assembly is placed in a vacuum-tight can also made from FRP 
which attaches to a nylon annulus. This annulus serves as a place for 
mechanical and electrical feed-through and mates the FRP can to the GM 
cooler. 
Fig. 2. CryoSQUID plus gantry as assembled at BTi. Note the two arm 
supports to the wall. 
2.4. Gantry 
In addition to the device itself a gantry was designed to support m d  
manipulate two CryoSQUIDs inside an MSR, in a way that would permit its 
use in conjunction with a standard 5 channel Neuromagnetometer. The 
resulting gantry had to be non magnetic and provide a very rigid platform for 
the units in order to minimize vibrational noise. The resulting tripod like 
support system is shown in Fig. 2. By having two arms attached to the wall 
with pneumatic brakes at each joint, the required stability was achieved. The 
brakes are designed to be operated by a single switch located on the gantry 
for ease of operation. The gantries were constructed by Hercules Manufact- 
uring of Escondido, CA. 
3. Performance 
3.1.1. General 
A typical cool-down from room temperature to a stable operating 
temperature for the 4.5 K platform takes 20 hours on the installed system. 
This may be compared with a 12 Hr cool-down when the VM in attached 
directly to the expander. 
Once cool the system provides a stable thermal platform. The measured 
heat leaks due to external sources (i.e. not the JT flow) are 18 mW for the 
4.5 K stage and 1.9 W for the 6 0  K stage. 
The 4 3  K stage heat leak is determined by measuring the boil-off rate of 
the reservoir with no input flow. The heat leak into the 60  K stage is 
determined by measuring the temperature difference across the copper 
thermal lags between the shield and the first stage of the GM unit. That 
is, it represents the heat being intercepted from room temperature by the 
shield. The calculated heat leak to the 4.5 K stage from conduction and 
radiation is 11.6 mW. The calculated heat leak to the 60  K shield from 
radiation, and conduction down the support structure is 0.39 W. While 
there is reasonable agreement for the 4.5 K stage the 60  K stage shows a 
large discrepancy. 
3.1.2. Continuous made 
The system can be run in two fundamentally different modes, a contin- 
uous mode, which will be described here, and an intermittent mode describ- 
ed below. In the continuous mode all parts of the system, VMs, com- 
pressors etc., run continually. There are several problems associated with 
this mode of operation. First, the movement of the displacer and gas in 
the expander leads to vibrational noise in the sensor. As mentioned pre- 
viously this noise can be removed with a filter. Second, and more serious 
for neuromagnetic work, is the audible noise from the same sources. This 
has proved impossible to eliminate. It should be pointed out that an all JT 
device would eliminate this problem entirely. Third, there is a thermal 
oscillation present when the JT is running at the full flow rate, Fig. 3. At 
the end of the cool-down period the system is stable for several hours and 
then starts to oscillate at a rate of once every 10-40 minutes. The rate 
seems to depend on the heat leak to the 4.5 K stage. The temperature 
rises to 5-6 K while the JT return flow increases by a factor of 2-3. It 
was found that the ST supply flow simultaneously increases by a factor of 
2-3 also. We were never able to positively identify the cause of the 
oscillation but we believe that when the helium reservoir fills, the boil-off 
rate increases slightly lowering the temperature of the gas going to the JT 
impedance which causes the flow rate through the impedance to go up. 
This forces some liquid into the heat exchanger where it boils off and 
drops the liquid level in the reservoir. Then the boil-off rate drops 
allowing the temperature of the impedance to increase and the flow through 
the impedance to decrease. After enough helium re-condenses in the 
reservoir, the cycle repeats. Fluctuations of order 0.02 MPa in the supply 
pressure confirmed that some liquid was boiling off and re-condensing. 
This oscillation can be controlled by adjusting a needle valve in the supply 
line (V4 Fig.4) at room temperature to lower the flow of helium through - 
the impedance to the point where there is no condensation in the reserv~ir. 
- - . - - .. - - 
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Fig. 3. 1) The temperature oscillations. The amplitude is approximately 1 K. 
2) The return flow oscillations. The oscillations represent a fa~ctor 
of 2 change in the flow rate from minimum to maximum. 
By looking at the SQUID output during these oscillations one can tell 
something about the thermal isolation of the SQUID from the co~oling 
platform. When the thermometer showed about a swing of about 1 K 
during an oscillation the output from the SQUID showed a 0.012 cp, swing, 
where cp, in the flux quantum, h/2e. A typical value for the temperature 
coefficient of a SQUID is 0.1 pO/K implying there is a temperature swing at 
the SQUID of 12 mK or an isolation factor of about 100 at low frequencies. 
In this mode the system can actually be operated at any orientation since 
there is no liquid in the reservoir. Operation has been successfully tried at 
180 degrees (upside down). 
3.1.3. Intermittent mode 
In the intermittent mode the VM is shut down during the measurelment 
time and the JT flow is reduced in order to reduce the heat load on the 
system. By shutting down the VM all vibration noise, magnetic and audi- 
tory, is eliminated from the system. During the time the VM is off coaling 
is provided by the evaporation of the helium condensed in the reservoir. 
Measurements showed that this one shot lifetime of the system is about 20 
minutes, at the end of 20 minutes the system begins to warm up and, if the 
VM is restarted at that time, approximately 2 hours would be required to 
re-stabilize the system. On the other hand if the system is re-started prior 
to the 20 minute limit, recovery is much shorter. Tests were run at BTi
which showed that using a 33% duty cycle with the VM off up to 10
minutes (that would be 10 minutes with the VM off and 20 minutes with
the VM on) that 4-5 hours of operation were possible before requiring a
longer (2-3 hour) recovery time. The advantage of this mode is that it fits
in with a number of evoked response experiments. In these, data are
acquired for a short period (1-7 minutes) and then the measurement
conditions are changed, for example the subject or the CryoSQUID is
moved. Depending on the number of variables a typical measurement might
last 2-3 hours. For a 2 hour measurement the system could be operated at
a 50% duty cycle. By the end of that time the subject begins to fatigue
even if the measurement is not yet finished. The result is that intermittent
operation allows for a large variety of measurements to be performed.
It should be noted that many valves are required to implement these
various modes of operation. The system was designed to be as easy to
operate as possible so that a gas handling system using solenoid valves was










Fig. 4. Automated valve system for control of operation of CryoSQUID.
S? are solenoid valves which are controlled by a logic circuit not
shown. V? are needle valves for controlling gas flows.
For the intermittent operating mode a TTL level input was provided to
allow computer control. The data acquisition software provided by BTi was
altered to automatically turn the VM off and on immediately prior to and
after data is acquired. With this method no one forgets to turn the system
back on when data collection is finished.
3.2. Magnetic
3.2.1. Continuous mode
The noise of the system while operating in the continuous mode is shown
in the top trace of Fig. 5. All noise measurements are done inside of the
42
MSR at New York University's Neuromagnetism Laboratory. Note the 2.4 
Hz 'comb' of noise due to the operation of the GM system. Expanded 
measurements of these peaks show that they have bandwidths of less than 
0.01 Hz. Because the VM is synchronized with the power line, the noise 
peaks are phase locked to the 60 Hz line frequency. It is these two facts 
that allow the digital filtering of the signal to remove essentially all of the 
induced noise. 
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Fig. 5. 0.1-50 Hz spectra of one CryoSQUID operating in a MSR with the 
VM on, with and without the comb filter. Note the vertical 
scale offset between the two curves. 
A 2.4 Hz analog comb filter would be prohibitive to build because of the 
size of the capacitors required. On the other hand a digital comb filt~er is 
feasible to implement at these frequencies. An IBM PC based filter was 
constructed. A ~ a b m a s t e r ~  12 .bit A/D board was used in external trigger 
mode to sample two channels of signal from the two CryoSQUIDS. It is 
triggered at 4320 Hz giving an sampling rate per channel of 2160 Hz. The 
external trigger is locked to the local line frequency by a phase locked 
loop. Each signal is low pass filtered at 750 Hz for anti-aliasing. 
The image of the noise for each channel is built up in a buffer and is 
adaptively updated. This image is subtracted from the signal on a contin- 
uous basis and the result output on a pair of DACs. The image is updated 
by adding to it a fraction of the difference between the signal and the 
image. Because this process is repeated at exactly 1.2 Hz only signals at 
1.2 Hz and its harmonics are accumulated in the buffer. By varying the 
fraction of the difference used to update the noise image, the effective 
adaptation time of the filter can be varied and the resulting phase shifts to 
the signal controlled. This filter can adapt to the noise from the Cryo- 
SQUIDS with an effective adaptation time of 1 minute. This leads to no 
appreciable distortion to the signals of interest from 0.1-500 Hz. The lower 
trace of Fig. 5 shows the reduction of the vibrational noise in the 
spectrum when then system operates in the continuous mode with the filter 
engaged. 
3.2.2. Intermittent mode 
Fig. 6 shows the noise of the system when the VM is turned off. In this 
mode the system essentially behaves like a dewar based system while the 
VM is off except for the fact that it can be operated at angles up to 135 
degrees from vertical. 
Frequency (Hz) 
Fig. 6. 0.1-50 Hz spectra of both CryoSQUIDs in the MSR with the VM 
off. Note the vertical scale offset between the two curves. 
4. Application: An Auditory Evoked response 
One important application of this device is to monitor simultaneously 
neural activity at two different locations in the brain. As an illustration we 
show a result obtained when a subject listens to a briefly presented tone 
provided by airline style plastic earphones. With binaural presentation it is 
then possible to compare the activity in the auditory areas of cortex in the 
left and right hemispheres. The stimuli were tone bursts, each 40 ms in 
duration and having a tone frequency of 1 kHz. Each burst rose to full 
amplitude over a period of 5 ms and fell to zero during a comparable period. 
The intensity was 60 dB above the subject's threshold. 
The auditory areas of human cortex are rather confined, and electrical 
currents flowing within active neurons, which give rise to extracranial 
magnetic fields, can be approximated by a short line element of current 
(known as a 'current dipole'). The surface of the cortex lies perpendicular to 
the scalp, some 6 cm above the ear canal, thus neuronal currents flowing 
perpendicular to the cortical surface are themselves tangential to the 
overlying scalp. Such a source produces a field that loops around the axis of 
the dipole, producing one area of the scalp where the field emerges and 
another where it entersg. Each CryoSQUID was positioned over a different 
hemisphere, with the sensor directed to a point on the scalp just above and 
back of the ear, near one of the field extrema from the source in that 
hemisphere. Recordings obtained simultaneously within a bandwidth of 1 to 
150 Hz showed simultaneous, well-defined peak fields occurring approximately 
200 ms following onset of the tone, as illustrated in Fig. 7 for averages of 
100 responses. The polarity of the fields indicate that the respective current 
dipoles are directed downward into the depth of each auditory cortex. These 
findings demonstrate that the temporal response of cortical activity in the 
right and left hemispheres can be monitored separately and simultaneously by 
using the pair of CryoSQUIDs. 
Fig 7. Auditory evoked fields measured simultaneously from both hemi- 
spheres of the brain using CryoSQUIDs. 
5. Conclusion 
We have successfully constructed what we .believe is the first mechan- 
ically cooled, SQUID based magnetometer to operate at essentially the SQUID 
noise level. The system is light weight and mobile; being capable of opera- 
tion at any angle from vertical. Two units have been successfully integrated 
with an existing 5 channel Neuromagnetometer inside an MSR and have been 
shown to be useful in the measurement of neuromagnetic fields. 
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ABSTRACT 
Magnetic refrigeration above 1 K has been under development at several locations 
since the mid 1970's because of its potential for high efficiency and reliability. Such 
refrigerators are based on the magnetocaloric effect in magnetic materials. The proper 
choice of material is essential for high performance designs. Below about 20 K, 
paramagnetic materials such as gadolinium gallium garnet are useful magnetic refrigerants. 
Above 20 K the refrigerant must be an exchange-coupled magnetic material used near its 
ordering temperature. One of the necessary characteristics of a good refrigerant is a large 
adiabatic temperature change, AT, upon application of or removal of a magnetic field. 
Magnetic elements with large magnetlc moments potentially have large AT , as indicated by 
previous measurements in Gd, Dy, Tb, and Ho. Another candidate materidis Er, which has 
one antiferromagnetic transition at 84 K, another at 52 K, and a ferromagnetic transition near 
19 K. We report on the measurement of the heat capacity and ATs in Er between 10 K and 
100 K in several magnetic fields up to 7.5 T. The suitability of Er as a magnetic refrigerant 
is discussed. 
I. INTRODUCTION 
Many applications of superconductors require cooling to liquid helium temperature 
to maintain the superconducting properties of wire in a magnet, motor, generator, or other 
device. 1 For example, the Navy anticipates the use of helium liquefiers on ships with 
superconducting drive motors. An efficient, reliable, and cost effective method of providing 
the refrigeration for liquefaction of the cryogen is a goal of many research and development 
efforts around the world. Specifically, at the David W. Taylor Naval Ship R&D Center there 
is a program to investigate magnetic refrigerators as a means to satisfy these cooling 
requirements with a high-performance, advanced liquefaction unit.2 
Magnetic refrigerators are based on the temperature and magnetic field dependence 
of the entropy of certain magnetic materials. The entropy change can be represented by the 
following equation: 
where S is entropy, T is absolute temperature, and H is applied magnetic field strength. By 
use of a Maxwell relation this equation can be rewritten in terms of directly measurable 
quantities; i.e., 
where CH is the heat capacity at constant field strength, p . ~  is the permeability in vacuum, M 
is the magnetization, and VM is the volume of the magnetic material. Eqn. (2) can be solved 
for the temperature change under adiabatic conditions, i.e. dS = 0, to give 
which when integrated over magnetic field changes, yields the resultant adiabatic 
temperature change ATs. In the design of magnetic refrigerators the entropy-temperature 
curves which implicitly contain CH and ATS are absolutely essential. Hence, measurements 
that produce CH and ATs such as described in this paper are required for the design data 
base. The requirements for a good ferromagnetic refrigerant have been previously 
discussed.3,4,5 
The Navy magnetic refrigerator design uses a magnetic material that acts as its own 
regenerator, i.e., an active magnetic regenerator.26 For high efficiency the heat transfer 
between the heat exchange fluid and the magnetic refrigerant must be excellent. The Navy 
has developed a unique fabrication method that produces a uniform bed of very small 
parallel flow channels. The "jelly-roll" assembly procedure has been described earlier.2 
One of the requirements for this fabrication method is a malleable magnetic refrigerant. 
Many of the ferromagnetic intermetallic compounds that are good refrigerants are brittle8 in 
comparison to the metallic rare earth elements. Because of the malleability requirement and 
the presence of large magnetic moments in the rare earth elements, several of these elements 
have been investigated as potential magnetic refrigerants. Field de endent adiabatic 8 temperature change measurements have been reported on ~ d 8 ,  Dy , ~ 0 1 0 ,  and ~ b l o .  
Erbium is another rare earth element that has a large magnetic moment (p --9 P, 
where J3 is the Bohr magneton) and several magnetic transitions which may have a large 
field-dependent entropy associated with them. Erbium has a hexagonal close-packed crystal 
structure and exhibits a complex magnetic str~cturel1~12 due to a competition among 
several mechanisms such as exchange, crystalline field, magnetoelastic, and electronic 
Zeeman interactions. At 84 K, there is a transition from the almost random order of the high 
temperature paramagnetic state to a type of antiferromagnetic order with the magnetic 
moments pointing along the c-axis of the crystal but slowly changing in magnitude and 
direction, i.e., sinusoidally modulated. At near 52 K, the basal plane magnetic moment 
orders in a spiral pattern such that the overall order is still antifemmagnetic. The sinusoidal 
modulation of the moments along the c-axis also becomes more square-wave in character. 
Finally, at near 18-20 K, a transition into a spiral ferromagnet occurs with the c-axis moment 
now fixed but the basal plane moment still rotating through the crystal. This produces a 
conical magnetic structure. 
We report the measurements of the field dependent heat capacity and adiabatic 
temperature change for Er from about 10 K to about 110 K in fields up to 7.5 T. 
11. EXPERIMENTAL METHOD 
The erbium sample used in this study was machined h m  a cast polycrystalline ingot 
of 99.9% atomic purity with respect to other rare earths. The ingot was produced by 
Research Chemicals of Phoenix, AZ. It was mounted in a cryostat as described below. 
The heat capacity and temperature change of the sample upon change in applied field 
were measured by an adiabatic method. The sample was brought to internal thermal 
equilibrium at a temperature Ti, either a known heat pulse for CB or a known change in 
external magnetic field for AT was applied, and then the final temperature Tf was observed. 
The temperature was taken to b the average of Ti and Tf. Correction for heat lostto the 
surroundings was done by a simple linear extrapolation to the middle of the heat pulse or 
field change. This correction was quite small because the time constant for internal thermal 
equilibrium of the sample was typically several orders of magnitude shorter than the time 
constant for equilibration with the surroundings. Excellent thermal isolation was ensured by 
suspending the sample via linen threads, using high resistance leads for the heater and 
thermometer, winding the heater directly on the sample, and placing the thermometer in a 
snug hole at the center of the sample. The sample was surrounded by a can maintained at a 
temperature intermediate between the initial and final temperature of the sample. This can 
was surrounded in turn by two more isothermal cans sharing a common vacuum as shown in 
Fig. 1. The temperatures of the sample and the smunding cans were ineasured by carbon- 
glass thermometers. 
The corrections for the heat capacity of the thermometer, heater wire, threads and 
varnish attached to the 0.030 kg sample were typically on the order of 5%. For AT , the 
measured values were corrected for addenda by multiplying by the ratio of the totafheat 
capacity of the erbium and addenda to that of the erbium alone. The heat capacity values 
used for the corrections were the average of the values at the initial and fmal applied fields. 
The approximately ellipsoidal sample had a length to diameter ratio of 3.0 and was oriented 
with its long axis parallel to the field. Demagnetization corrections to the applied field have 
not been made but in light of the published magnetization datal3, the corrections are small 
except for the 1T data in the femmagne tic regime, i.e., below 20 K. 
The data were taken automatically, with the magnet power supply, the persistent 
mode switch heater, the temperature controller for the can surrounding the sample, the heat 
pulser for the sample, and the voltmeter measuring the temperatures under the control of a 
HP 9000-300 series computer. Because the time constant for cooling the sample and 
surrounding cans is extremely long, all the data were taken in a stepwise warming mode, 
with the temperatures of the cans and the sample stabilized before each heat pulse or field 
change. Before each run, the sample was cooled from greater than 100 K to 4.2 K in zero 
applied field. For heat capacity mtasuremcnts, the length of the heat pulse was about 1/4 of 
the thermal time constant of the sample and the power of the heat pulse was chosen to warm 
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Fig. 1. Heat capacity apparatus, showing the suspended sample surrounded by isothermal 
shields. 
Figure 2 shows the measured heat capacity for the poYycrystalline sample of erbium 
at various applied magnetic fields. 
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Fig. 2. The measured heat capacity of a polycrystalline sample of erbium in various applied 
magnetic fields. The data has been corrected for addenda, but not for 
demagnetization effects. 
The zero field curve is consistent with that seen by previous authors. 14 Neutron scattering 
experiments1 1 and themetical calculationsl5 have explained the features of this c w e  in 
terms of magnetic structural transitions. The large step at 84 K corresponds to an 
antifemmagnetic ordering of the c-axis moments, the broad shoulder stretching from 30 K 
to 80 K corresponds to the ordering of moments in the ab plane. The sharp spike near 20 K 
is a first order transition to a ferromagnetic cone structure. Application of a 1 Tesla field 
strongly couples to the fefiomgnetic moment and washes out the low temperature peak, but 
has little effect at higher temperature. Stronger magnetic fields broaden the 84 K transition 
and also remove the entropy between the 20 K and 84 K transitions at higher temperature. 
Figure 3 shows the measured changes in temperature of the thermally isolated sample 







Fig. 3. The measured change in temperature of Erbium upon a change in applied magnetic 
field, from 0 to the specified value (upper curves) and from the specified value 
to 0 (lower curves). 
The positive changes in temperature plotted in Figure 3 occurred when the field was 
increased from zero to the specified value, the negative changes occurred when the field was 
decreased back to zero. Note that curves are symmetrical about zero temperature change 
above 20 K, indicating that the adiabatic magnetization process above the femomagnetic 
transition is reversible. This characteristic is necessary for efficient magnetic refrigeration. 
Below 20 K, however, a magnetization-demagnetization cycle warms the sample. The eddy 
current heating for this lOmm diameter sample at 10 K should produce only a few mK 
temperature rise in the slow (102-103 sec) field changes used; hence the heating is ascribed 
to magnetic hysteresis which is also noted below 18-20 K in reported neutron scattering 
measurements. 1 1 
Because the heat capacity has field dependence over a wide range of temperature, we 
would also expect to see changes in temperature produced by a changing applied magnetic 
field over a correspondingly wide range of temperature. Figure 3 shows that this is indeed 
the case. The 1 Tesla field only produces temperature changes just above the low 
temperature ferromagnetic transition. The 3 Tesla field also produces temperature changes 
at the 84 K transition. Fields of 5 and 7 Tesla produce appreciable temperature change 
throughout the 25 K to 110 K region. 
The results reported here are for a cast polycrystalline sample whose crystallites are 
presumably unaligned. The effect of magnetic field on the magnetization of single crystal 
specimens is clearly dependent on the angle the field makes with respect to the c-axis. 13 
Directional effects would also be expected on rolled sheet specimens, for which the repeated 
cold rollin and annealing during fabrication could produce considerable crystallite Q alignment. 6 
Unfortunately, the adiabatic temperature change at any given temperature and field 
change for erbium is much less than that obtained at the Curie point of a simple ferromagnet 
suchis GdPd shown in Figure 4. 
GdPd 
Fig. 4. A comparison of the measured ATs far erbium to that for the simple ferromagnet 
GdPd for an applied field change from 0 to 7 Tesla. 
This reduction of peak ATs is because the considerable crystal field and exchange anisotropy 
of erbium prevents changing from nearly complete magnetic disorder to magnetic order with 
a reasonable magnetic field, in contrast to what may be done just above the Curie point for a 
simple ferromagnet. 
If erbium is to be used in a magnetic refrigerator, the relatively small temperature, 
changes produced by magnetization or demagnetization of erbium requires use of 
regeneration to achieve useful temperature span. The optimal material to use in an active 
magnetic regenerator refrigerator would have 'its adiabatic temperature change proportional 
to temperature.5 The adiabatic temperature change for erbium is approximately independent 
of temperature, so it would have to be blended with other materials such as dysprosium or 
holmium to produce a good magnetic regenerative bed material. 
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ABSTRACT 
Magnetic refrigeration has been used for over 50 years as a technique to achieve 
temperatures below 1 K. However, in the past ten years, the technology has been developing 
for refrigeration applications above 1 K up to, and including heat pumps above room 
temperature. The work has been multinational in scope and has focused on analysis of 
magnetic thermodynamic systems, investigation of magnetic materials suitable for 
refrigerants, and development of prototype refrigerators. 
Astronautics Corporation of America is developing efficient, continuous magnetic 
refrigerator stages that operate from 1.5 K to 4.5 K and 4 K to 15 K. The lower temperature 
stage will produce superfluid helium while using a liquid helium bath (4.2 K) as the heat 
sink. The higher temperature stage is intended as an alternative to the Joule-Thomson (J-T) 
loop in a standard Gifford-McMahon, J-T hybrid refrigerator operating from 4 K to 3.5 K. 
The 1.5 K to 4.5 K magnetic prototype has been designed, built and is under test. The 
refrigerator is described and its predicted performance along with several subassembly test 
results are presented. 
I. INTRODUCTION 
Magnetic refrigeration has been identified as a technology that offers increased 
efficiency and higher reliability compared to existing low-temperature gas-cycle stages. The 
underlying principle for magnetic refrigeration is the magnetocaloric effect (MCE), i.e., 
when certain magnetic materials are placed in a magnetic field, the materials heat up; when 
the materials are removed from the field they cool. The larger the change in magnetic field, 
the larger the effect for a given material. Ln order to use the MCE, magnetic refrigerators 
must exploit the temperature and magnetic field dependence of the magnetic entropy of a 
solid material in a cycle to extract heat from a low temperature source and transfer it to a 
higher-temperature sink. The increased efficiency is due primarily to the reversible 
temperature change of the magnetic material upon insertion into and removal from a region 
of high magnetic field. When this process is coupled with highly effective heat transfer to 
the thermal load and heat sink, the thennodynamic efficiency remains high. The high 
efficiency is obtained most easily in the very low-temperature regions where it is most 
difficult for gas-cycle refrigerators to operate effectively. Therefore, a gas-magnetic or 
cryogen-magnetic hybrid refrigerator naturally promises better performance than an all-gas 
or al l  cryogen refrigerator for applications where substantial cooling powers at very low 
temperatures are required. For example, the cooling of NbTi superconductors from 4.2 K to 
1.8 K improves their performance dramatically because of the large improvement in heat 
transfer with superfluid helium II and the 25-50% increase in current density. 
Superconductor applications presently under development such as superconducting magnetic 
energy storage (SMES) systems and the continuous electron beam accelerator (CEBAF) plan 
to use 1.8 K refrigeration. 
Several experimental magnetic refrigerators (MR's) have been built to operate in the 
1.8 K to 4.5 K temperature range.1-11 The basic Carnot cycle used in several of these MR's - 
is shown in Fig. 1. 
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Fig. 1. Schematic of a magnetic refrigerator that executes the Camot cycle. The magnetic 
material is rotated clockwise. 
In this schematic, a rotating wheel of magnetic material moves in and out of a region 
of high magnetic field. Reciprocating and charge/discharge units have also been built. Each 
method of magnetization and demagnetization has its merits. Specifically, the characteristics 
of rotary motion include: 
a continuous cooling and heat rejection; 
a force compensation (as much as possible) by continuous material passage in 
and out of magnetic field; 
a time independent magnetic flux is possible; 
a balanced bearing loads can be achieved in some designs; 
a other field geometries besides solenoidal are possible; but 
seals and flow control of the heat transfer fluid may be difficult. 
Because of the continuous refrigeration, the possibility of balanced bearing loads, and 
the existence of a constant magnetic flux, the rotary design has the highest suitability for 
many applications. 
This paper describes an advanced rotary MR prototype developed in our laboratories. 
11. DESCRIPTION OF A 1.5 K TO 4.5 K PROTOTYPE 
The Astronautics magnetic refrigerator for 1.5 K to 4.5 K operation is a Carnot-cycle 
rotary device based on an earlier prototype built at Los Alamos National Laboratory 
( L A N L ) . ~ ~  Liquid helium at near 4.2 K is its heat sink and superfluid helium near 1.8 K is 
the thermal load. Significant design enhancements have been added to the LANL unit to 
increase simplicity, reliability, user friendliness and thermal performance. The device has 
also been thoroughly analyzed during the design process. Each of the key components will 
be briefly described. 
Several magnetic materials can be used as the refrigerant in this temperature range, 
but gadolinium gallium garnet (GGG) was chosen as the baseline material because of the 
extensive data base available. The heat uansfer from the thermal load to the GGG and from 
the GGG to the heat sink is accomplished by OFHC copper bars connected to fins in close 
proximity to the GGG. The GGG in the form of fins is mounted on a wheel hub to increase 
the contact area for heat transfer. Helium gas in a sealed housing surrounding the Cu and 
GGG fins completes the thermal path. The wheel hub is supported on a MoS2 dry lubricated 
precision ball bearing. The wheel is driven by a rim gear operated from room temperature by 
the drive motor. The drive shaft is a stainless steel, thin-walled tube and sealed at room 
temperame using a ferrofluid seal. The drive motor is a synchronous permanent magnet 
motor with a conventional speed controller. The magnets are of conventional design using 
readily available NbTi superconducting wire. - A Helmholtz configuration of solenoids was 
used to simplify magnet construction. The magnet support shell is the primary structural 
element of the prototype. The top and bottom of the shell have high permeability material to 
reduce any stray magnetic flux. Instrumentation is attached at every key location in the 
prototype (a total of about 90 transducers are used). A data acquisition system is used to 
record the performance data during experiments. The specifications of the magnetic 
refrigerator are summarized in Table I. 
During operation, the magnetic refrigerator is inserted into a cold box, evacuated, and 
precooled with a two-stage Gifford McMahon cycle gas refrigerator. Liquid helium is then 
circulated through the heat exchanger and the vapor cooled leads for the superconducting 
magnets before operation proceeds. Several components of this apparatus have been tested 
as subassemblies to validate the model calculations that have been done. A schematic 
diagram of the apparatus is shown in Figure 2. 
I Magnetic refrigerator interface flange (4.2 I+ 
Fig. 2. The Astronautics magnetic refrigerator for 1.5 K to 4.5 K option. 
TABLE I. 
SPECIFICATIONS AND CHARACTERISTICS OF TMD 1.5-4.5-0.5 
Refrigeration capacity - 0.5W 
Load temperature - 1.8 K 
Heat rejection temperature - 4.2K 
Heat rejection method - Nucleate boiling 
Refrigeration cycle - Carnot cycle with 
refrigerant cycling 
between 1.5 K and 4.5 K 
Magnetic material - Gadolinium Gallium Garnet 
Heat Exchange - Helium gas conduction between 
parallel plates 
Magnetization/demagnetization - Rotary motion of magnetic 
material at -1 radsec 
Magnet configuration - Two NbTi Helmholtz pairs 
Source/sink connection - Conduction through copper busses 
111. THEORETICAL PREDICTIONS AND EXPERIMENTAL RESULTS 
There are four basic subsystems of the magnetic refrigerator: magnetic, ~ t r u c ~ a l ,  
mechanical, and thermal. Each of these subsystems is coupled to the others and iteration is 
required to achieve an optimum design. Examples of design calculations and experimental 
results from each area are now presented. 
Magetic Subsvstem 
This consists of the magnets, joints, persistent mode switch, leads, power supplies, 
protection circuit and control units. The chief components in this subsystem are the magnets. 
They were designed for a peak field of 4.5T in the gap between the magnets where the GGG 
rotates. The fields and forces within each magnet were calculated and used in the coil 
design. The net forces among the magnets and detailed forces on the GGG were then 
calculated13 The magnets were wound with 0.85mm diameter multifilamentary (54 
filaments) twisted NbTi wire with a 1.35:l copper to superconductor ratio and formvar 
insulation (obtained from Oxford Superconducting Technology, Inc.). The current carrying 
capacity of a short sample of the wire as a function of external magnetic field was directly 
measured in our labs and used in the design calculations. The magnets were fabricated in our 
shops and tested at 4.2 K. A typical coil achieved 92-95% of short sample performance. The 
short sample &ta, the design load line, and the experimental results are shown in Fig. 3. 
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Fig. 3. Characteristics of the NbTi magnets used in the Astronautics magnetic refrigerator 
for 1.5 K to 4.5 K operation. 
This consists of the housing, the external shell, wheel hub, the LHe heat exchanger, 
gas refrigerator, and external support rods. The housing and external shell are two key 
elements of this subsystem in the MR. The housing contains the only moving parts of the 
refrigerator and the helium heat exchange gas. It must be shaped in a pancake like geometry 
to keep the gap between the magnets as small as possible. This geometry is susceptible to 
"oil canning" when the helium gas pressure changes. Therefore it must be carefully modeled 
to insure proper cold operation. Finite element codes have been used to calculate the 
deflection expected as a function of helium gas pressure. The predicted deflection and the 
measured results are shown in Fig. 4 for two different radial locations on the stainless steel 
housing. These were measured at about 10 K using the gas refrigerator to cool the housing. 
Note that the measured and predicted deflections agree very well. The 7 cm measurements 
are near the maximum predicted deflection for the housing and the 10.4 cm measurements 
are near the bearing location. 
Similar calculations and measured results have been obtained for most of the other 
structural components. In high tolerance systems these motions along with those from 
thermal contractions are critical to the successful warm assembly and subsequent cold 
operation. 
Drive Subsvstcm 
This consists of the cryogenic bearings, drive gears and shaft, rotary seals, drive 
motor, and controller. One of the key aspects of these components is that they have to 
transmit power from near room temperature to the cryogenic region of the MR. In the case 
of the present cryocooler, the input power is transmitted down a stainless steel drive tube 
sealed at room temperature. The shaft drives a spur gear that engages the large gear on the 
wheel hub. The wheel hub is supported on a dry-lubricated ball bearing. The frictional 
dissipation in the bearing is a thermal load that directly reduces the net cooling power and 
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Fig. 4. The measured and predicted deflections of the housing at two locations as a result of 
internal pressurization with helium gas. 
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Fig. 5. The torque and power dissipation produced by the drive shaft and associated 
bearings. The bearings were at 10 K. The main wheel hub bearing is not included in 
this test. 
Fig, 6. Model calculations of the cold sink temperature of the MR at zero thermal load. 
GGG Refrigerant 
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Fig, 7. Model calculations of the cooling power and efficiency relative to Carnot of the 
Astronautics MR at a fixed whoel rotation frequency and magnetic field. 
hence efficiency. Although difficult to calculate, the bearing friction can be readily 
measured by using torque meters. Figure 5 illustrates the frictional power produced by the 
drive assembly at about 10 K. 
Thermal Subsvstem 
This consists of the GGG, the copper fins and buses, the hot and cold heat 
exchangers, the helium exchange gas, and the gas cycle refrigerator. The performance of the 
MR with a complete thermal network including adiabatic temperature changes in the GGG 
due to magnetic field magnitudes and profiles has been done using MITAS (TSAP). The 
predicted achievable temperature as a function of peak magnetic field is shown in Fig. 6. 
Note that a field of less than 2T will reach the h-point (2.18 K) at zero thermal load. 
The predicted cooling power and efficiency relative to Carnot are shown in Fig. 7 for 
BMm = 4.5T and v = 0.17 H . At 1.8 K, a cooling power of about 0.65 W is indicated with 
an efficiency of about 45% o? carnot. These predictions will soon be put to the test as the 
complete refrigerator is operated. 
IV. SUMMARY AND CONCLUSIONS 
A magnetic refrigerator capable of about 0.5W of cooling at 1.8 K with a peak field 
of 4.5T while rotating at 0.17 HZ (10 WM) has been described. Many subassembly tests 
have been successfully performed and the results have validated many of the design 
calculations. A few questions still remain .to be answered including helium gas motion in the 
housing and the ultimate validity of the overall thermal model. Experiments to answer these 
questions are in progress. 
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David Taylor Research Center, Bethesda, MD 20084 
ABSTRACT 
The David Taylor ~ e s e a r c h  Center is developing superconducting electrical 
machinery for use in Navy ships. This machinery requires cryogenic refrigeration to 
maintain temperatures that permit superconductivity, and for shipboard use the refrigeration 
equipment must be rugged, dependable and efficient. To meet this need, the Electrical 
Systems Division is developing a refrigeration cycle that uses ferromagnetic materials that 
undergo large adiabatic temperature changes when subjected to a magnetic field. To cool 
from room temperature, several types of magnetic materials with successively lower Curie 
temperatures will be used. This type of cycle promises to produce a very efficient 
refrigeration process while avoiding many of the problems associated with the valves, seals, 
and compressors in gas cycIe refrigerators. 
To aid in selecting effective designs of the apparatus and determining effective 
configurations of the magnetic materials, a mathematical model of the experimental 
refrigerator was developed. To implement the model quickly and economically, a finite 
element model was selected and implemented using the NASTRAN program. Results 
obtained from the mathematical analysis are compared with the measured performance of a 
prototype experimental apparatus. Starting from 296 K, this refrigerator produced a 50 K 
temperature difference across the active regenerator. 
INTRODUCTION 
The U.S. Navy a t  the David Taylor Research Center (DTRC) has been investigating a 
magnetic refrigerator to provide cooling from 300 to 4.2 K. A magnetic refrigerator has the 
potential of greater efficiency, higher reliability, and more rugged construction than the 
present liquid helium gas cycle refrigerators. The fact that this type of refrigerator has no 
compressor, no cold valves or seals, and makes use of a rugged regenerative type of heat 
exchanger makes this concept very attractive for a shipboard environment. The magnetic 
refrigerator uses the magnetocaloric effect of a ferromagnetic or paramagnetic solid to 
produce an adiabatic demagnetization temperature change or an isothermal entropy change. 
This property was measured by Benford and Brown using gadolinium as the ferromagnetic 
material. This principle can then be used to extract heat from a low-temperature source and 
transfer it to a higher temperature sink, resulting in a magnetic refrigerator. 
The Navy has pursued a reciprocating, active regenerative magnetic refrigerator 
concept, shown schematically in Figure 1. This concept consists of five major parts: (1) the 
high magnetic field system, consisting of a superconducting magnet surrounded by a pool of 
liquid helium and contained in a vacuum-insulated Dewar flask; (2) the ferromagnetic 
material, gadolinium, a rare earth metal having a Curie temperature of 293 K; (3) the  
disphcer, which moves the fluid through the ferromagnetic material to perform the heat 
exchange; (4) the warm heat exchanger, which removes the heat produced in the adiabatic 
magnetization process; and (5) the passive regenerator, which isolates the cold section of the 
refrigerator from the warm mixing chamber of the displacer. 
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Fig. 1. The Magnetic Refrigerator 
A magnetic refrigerator of this type undergoes the following cycle to produce coding: 
(1) The magnet is ramped up to full field, causing the ferromagnetic material to heat, up. 
(This step is equivalent to the compression process in a gas cycle.) (2) The displacer naoves 
down, pushing the working fluid through the ferromagnetic material and removing the heat 
of the magnetization process. This heat is carried to the warm heat exchanger and carried off 
by the counterflowing water circuit. (3) The magnetic field is removed, coolinlg the 
gadolinium through an adiabatic demagnetization process. (4) The displaces is moved up, 
and the fluid is cooled as it passes through the ferromagnetic material and then it passes 
through and cools the passive regenerator. In the computer analysis of the cycle, the precediug 
steps (1) and (2) are referred to as the exhaust stroke and steps (3) and (4) are referred to a.s the 
intake stroke. 
EXPERIMENTAL APPARATUS 
The experimental apparatus required to measure the thermal performance of the 
magnetocaloric effect in an active regenerator was designed and fabricated 8% DTRC. 
The essential components of the magnetic refrigerator appazahzs are sho.wn 
schematically in Figure 2. 
HEATER VACUUM SPACE HEAT EXCHANGER 
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Fig. 2 Magnetic Refrigerator Apparatus 
The essential components of the magnetic refrigerator apparatus are shown schematically in 
Figure 2. 
The magnetic material was centered in the almost uniform 7 tesla magnetic field by placing 
the apparatus through the warm bore of the magnetic Dewar flask. The material in both the 
passive and active ferromagnetic regenerator were formed into a narrow embossed metal 
ribbon, wound into discrete sections ("pancakes"), and stacked into G-10 fiberglass sleeve 
(see Figure 3). The passive regenerator was fabricated with copper, the magnetic regenerator 
with gadolinium. The gadolinium ribbon was embossed using a rolling mill and sheared 
into 0.317 cm. widths and lengths of it were wound into the pancake sections. These pancakes 
#could then be placed into the fiberglass cylinder as illustrated in Figure 3. 
Fig. 3. Gadolinium Ribbon Regenerator Section in the G-10 Fiberglass Sleeve 
The passive regenerator used a copper wire that also was formed into a ribbon, wound into a 
pancake, and inserted into a fiberglass cylinder. The embossed bumps on the metal ribbons 
provided a set of uniformly spaced flow channels separated by a high heat capacity material to 
provide the regeneration. The copper regenerator had 0.0178 cm embossed bumps on a ribbon 
0.0254 cm thick. This provided a packing factor of 65% and a total copper mass of 2.47 kg. The 
gadolinium, in contrast, had 0.0127 cm embossed bumps on a ribbon 0.0127 cm thick, which 
produced a packing factor of 50% and a total mass of 0.730 kg. 
A finned tube heat exchanger (F ib re  4) was placed a t  the warm end of the refrigerator 
to remove the heat of the magnetization process and to maintain a constant temperature at  that 
point. Water flowing through the tube intercepts the heat from the working fluid that passes 
through the fins of the shell portion of the heat exchanger. The outlet portion of the finned tube 
heat exchanger and the copper regenerator were connected to the displacer cylinder on either 
side of the piston. This displacer was a hydraulic cylinder with a 12.7 cm diameter piston and 
a 22.86 cm stroke. Coupled directly to the displacer was a hydraulic cylinder with a 5.08 cm 
bore and 22.86 cm stroke. This cylinder drove the displacer back and forth under electronic 
control, thus moving the gaseous working fluid (pressurized N2 gas) back and forth through 
the magnetic refrigerator. 
Temperatures were measured in the refrigerator components with type T (copper- 
constantin) thermocouples. These thermocouples were inserted through small holes drilled 
in the fiberglass tube and into the component material. Number 36 thermocouple wire was 
used to minimize heat conduction and response time. The thermocouple wire was placed in 
Fig. 4. Finned Tube Heat Exchanger 
grooves machined in the outside of the fiberglass tube. A total of13 thermocouples were used as 
follows: 
3 in the passive regenerator 
1 on the heater 
1 in the gas space between the regenerator and the magnetic material 
7 in the active magnetic regenerator 
1 in the gas space between the magnetic material and the heat exchanger 
The mass flow of the working fluid, N2 gas, was varied as a function of temperature to 
maintain equivalent changes in the energy per mass of the gas and the magnetic material. 
The refrigerator was controlled and the data recorded using a small digital laboratory 
computer. Several experimental tests were conducted starting at or near room temperature 
and cooling down to 250 to 246 K. The temperatures through the active regenerator were 
measured in addition to the cool down rate for each cycle. 
THE FINITE ELEMENT ANALYSIS 
Changes in the size and design of components and in the operating characteristics 
produce significant changes in the temperature span achieved and the efficiency of the 
refrigerator. Designing, building, and testing an experimental refrigerator is expensive 
and time consuming. Therefore, it is desirable to explore various configurations using a 
computer model to determine promising refrigerator configurations for experimental tests. 
In order to keep the time needed to produce a computer model to a minimum, and since 
DTRC has considerable experience with the NASTRAN program, it was decided to use the 
NASTRAN transient heat transfer capability for this problem. However, several aspects of 
the problem make it a non-routine NASTRAN application. The material properties of the 
refrigerant are temperature-dependent in the temperature range used and make the problem 
nonlinear. Also, each test run of the refrigerator consists of many strokes. In the 
mathematical simulation, each stroke corresponds to a time segment with initial conditions 
different from, but determined by, the final conditions of the previous segment. NAsTRAN 
provides for neither nonlinear material properties nor pa-  re mllues 
during a transient analysis. To overcome these restrictions, a seqmencre of NASTRCLY 
analyses is used, one for each shake; This approach is practical because &e model has few 
degrees of freedom, so the time for each analysis is short, Also the temperature change during 
one stroke is small enough to permitrmit &e use of constant material prope&iea during the 
analysis of that stroke. An a u x i i  pagram uses results from the NMTRAN analysis of 
one stroke to compute initial conditions, and prepare NASTRAN data for the next stroke. 
Several simplieing assumptions for the mathematical model keep the analysis 
manageable. Only the active and passive regenerators, and the fluid passing through the 
refrigerator are modeled. In each regenerator, the chamber walls and the material in the 
chambers are modeled. Since the layers of refrigerant, copper, and fluid are thin, it is 
assumed that there is no significant temperature variation through these layers. It is also 
assumed that there is no significant temperature variation across the chamber. Therefore, 
the temperature of each type of material is assumed to vary only along the length of the 
chambers, that is, the problem is one-dimensional. The magnetic field was designed to be as 
uniform as possible along the length of the gadolinium, therefore the field is assigned a 
uniform value of 7 tesla. Since several seconds are required to apply or remove the magnetic 
field, a t  the beginning of each stroke, the temperature of the fluid is set equal to the 
temperature of the refrigerant or copper at  each position along the length of the regenerators. 
The temperature distribution in the chamber walls is not changed while the magnetic field is 
changing. The refrigerant coils are stacked one on top of another. Since the thermal 
connection between coils is relatively small, and each finite element represents several coils, 
the thermal conductivity of the material is replaced by a value that accounts for the 
conductivity of the material modified by the much smaller conductivity between coils. 
The heat exchanger is very efficient and lowers the temperature of the fluid flowing 
through it to the ambient temperature. The passive regenerator has both a large mass and a 
large area to transfer heat, so that the fluid flowing from the regenerator into the displacer is 
also a t  the ambient temperature. Therefore, during the intake stroke, the fluid flowing from 
the heat exchanger into the active regenerator, and during the exhaust stroke, the fluid 
flowing from the displacer into the regenerator, are assumed to have constant temperatures. 
Since temperature-dependent material properties are not changed during one stroke, they are 
determined for a temperature projected for the middle of the next stroke. 
The partial differential equations that describe heat conduction in the gadolinium, in 
the copper, or in the chamber walls are one-dimensional heat equations with load terms that 
represent heat transfer from the fluid. 
for  m = g, c o r  w for  gadolinium, copper, o r  chamber  wall and where 
Pm = density of material 
c = heat  capacity of material m 
km = conductivity of material 
Am = area of the surface between the material and fluid 
Vm = volume of material 
T = temperature of material m 
h = convection coefficient 
The partial differential equation that describes heat conduction in the fluid, heat 
carried by the flowing fluid, and heat transferred to the fluid from the gadolinium, copper, or 
chamber wall is 
The problem is solved using a finite element transient thermal analysis with the 
NASTRAN program. The refrigerant, copper, chamber walls, and fluid are modeled by one- 
dimensional heat conduction elements. Transfer of heat between the fluid and the 
refrigerant, copper, and the chamber walls is modeled using surface conduction elements. 
Figure 5 is a schematic representation of the finite element model. 
The term in the fluid differential equation containing the spatial derivative of the 
fluid temperature is obtained by using a finite difference approximation that is implem~ented 
by a transfer function. This term is included in the differential equation by applying loads to 
appropriate nodes using a capability for nonlinear loads. 
To model the successive strokes of the magnetic refrigerator, a series of NASTRAN 
runs is made, one for each stroke in the simulation. These NASTRAN runs are made in a 
loop in which an auxiliary program, developed by DTRC, is run after each NASTRAN 
analysis to prepare data for the next NASTRAN run and to print the initial and final 
temperatures for each stroke. To obtain the temperatures at  the end of a stroke, the auxiliary 
program reads a file of nodal temperatures produced by NASTRAN. With this information, 
it computes the temperature drop or rise a t  each refrigerant node depending on whether the 
next stroke is an intake 
COPPER ELEMENTS GADOLINIUM ELEMENTS 
FLUID ELEMENTS 
WALL ELEMENTS 
PASSIVE REGENERATOR ACTIVE REGENERATOR 
Fig. 5. The Finite Element Model 
or exhaust stroke. The program then determines the initial temperature of each refrigerant, 
copper, fluid, and wall node for the next stroke. The program also computes the heat capacity 
for each refrigerant element, and the heat capacity and conductivity for the fluid elements. 
The time for the next stroke is determined by the temperature a t  the cold end of the active 
regenerator and is used to set the number of integration steps for the transient analysis. 
The program prints the initial and final temperatures for each stroke; this output 
provides a temperature history of the simulation run. Finally, the program prepares a 
NASTRAN input file incorporating the new data for the next NASTRAN run. 
RESULTS AND DISCUSSION 
The measurements obtained from the experimental apparatus were compared to the 
performance of the computer model. Figure 6 indicates the cool-down characteristics of the 
cold portion of the active regenerator for various cycles. This comparison gives reasonably 
good agreement between the model and the measured temperature. However, the numerical 
model predicts a slightly lower cool-down rate between the 10th and 20th cycles than was 
measured in our experimental apparatus. No explanation for this variance is given a t  this 
time. A plot of the temperature distribution of the four separate steps of the magnetic 
refrigeration cycle is shown in Figure 7. This comparison shows good agreement except for 
the magnetization and demagnetization of the magnetic material. This may be largely due to 
the experimental apparatus requiring 30 seconds to ramp the field up or down which may 
allow a significant amount of heat transfer. Where as, the computer model assumed an 
instantaneous change in the field resulting in no heat transfer. In addition, the 
thermocouples located a t  the ends of the active regenerator were sandwiched between the 
gadolinium ribbon and a series of copper screens. This may have caused a slight reduction 
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An important parameter of some concern is the axial thermal conduction in the active 
and passive regenerators. This property of the ribbon regenerator configuration was not 
measured and a value was calculated based on an assumed contact area. However, the 
numerical model indicated that the magnetic refrigerator's performance was relatively 
insensitive to changes in this parameter. Thus, it was concluded that an error in estimating 
this parameter would not have an important effect on the results produced by the numerical 
model. 
The effect of the ferromagnetic material being assigned a constant heat capacity over 
the temperature span encountered during one stroke needs to be examined. The differences 
in heat capacity are small, but not insignificant and it is not known how much this affects the 
results. Also, the small non-uniformity of the magnetic field profile was considered to be 
insignificant, however, this assumption needs to be examined in more detail. In fact, the 
sensitivity of the performance of the magnetic refrigerator to the values and profile of the 
magnetic field may be larger than anticipated. 
Another parameter of critical importance is the mass flow of the working fluid. The 
heat capacity of the quantity of fluid that flows through the active regenerator must be properly 
matched to the heat gained or lost by the magnetic material during the magnetization and 
demagnetization processes. The sensitivity of the mass of fluid displaced to.the performance 
must be evaluated. 
In future work, the computer model will be used to evaluate the model's sensitivity to 
changes in several of these parameters. In addition, the refrigerator load characteristics will 
be evaluated for various temperatures. The model will also be used to predict the preformance 
characteristics for an active regenerator that may consist of several different ferromagnetic 
materials, each operating a t  progressively lower temperatures. Rare earth elements 
gadolinium, terbium, and dysprosium are three possible refrigerants; each has a temperature 
range a t  which it works most effectively. The largest temperature change with a change in  
magnetic field occurs near 293, 235, and 180 K for the three elements, respectively. 
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REGENERATIVE MAGNETIC REFRIGERATION OVER 
THE TEMPERATURE RANGE OF 4.2 TO 15 K* 
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I. Introduction & Backsround 
Magnetic Refrigeration 
In a magnetic refrigerator, the working fluid is replaced by magnetic salts, and 
property swings are accomplished by magnetization. In theory magnetic refrigerators 
can perform more closely to the Carnot machine than the compressor-expansion sys- 
tems. A few magnetic refrigerators have been built and 
Thermally active regeneration has several advantages over other rneth0ds.'1~ One 
advantage is that the active element remains stationary, and therefore the cold space 
need not contain any moving parts. Magnetization of the element is accomplished 
with a time-varying magnetic field. Because of recent advances in superconductor 
design, time-varying-field-induced losses can now be made acceptably small. Another 
advantage of active regeneration is that the regenerator core can be made to span 
a relatively large temperature range between the warm and cold reservoirs. This is 
because the individual segments in the core each cycles through a relatively small 
temperature range, while the total effect of all the segments is to cascade over a Large 
temperature range. One potential disadvantage is that it may be difficult to dirlectly 
control the temperature of a core region which is far from the core's inlet. Proper 
control of the thermodynamic cycles is therefore essential for the successful operation 
of a refrigerator based on thermally active regeneration. 
Experimental System 
Our experimental system is shown schematically in figure 1. The key components 
of this apparatus are the regenerator core, the displacer, the temperature control reser- 
voirs, and the superconducting solenoids. 
The GGG (gadolinium gallium garnet) is ideal as a core element for magnetic 
refrigerators operating over the temperature range of 4 to -15 K. The core was designed 
to minimize the losses by axial conduction, fluid friction, irreversible heat transfer, and 
helium entrainment." 
The displacer forces supercritical helium (3 - 5 atm) through the core. As the core 
is magnetized the displacer moves down, pushing helium from the cold-end reservoir, 
up through the core, and out into the warm-end reservoir. As the core is demagnetid 
the displacer moves up, reversing the helium flow.7. 
* Sponsored by Sumitomo Heavy Industries. 
Fig. 1. Experimental System 
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Fig. 2. Temperature Profiles 
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for Ideal Carnot Device 
The warm-end reservoir temperature is fixed by a hydrogen bath, while the cold- 
end reservoir temperature is fixed by electric heaters which match the refrigeration 
load. The temperature control modules control the temperature of the heliu~n as it 
enters the core. They also measure the refrigeration and heat of reje~tion.~ 
The superconducting solenoids have been recently modified. The original system 
contained a single coil which produced a uniform 4 T  magnetic field over the length of 
the core. A secondary coil has been added and its role will be discussed later in this 
Papa. 
Original Design Goal 
The original analysis modeled the system as a series of "differential" Carnot re- 
frigerators cascaded between the two reservoirs.' Each Carnot refrigerator at a given 
point in the core works between a different temperature range. There are four steps to 
a complete cycle. 
1. An adiabatic magnetization raises the temperature profile of the core from the 
cold-blow profile to the warm-blow profile. No helium is displaced. 
2. An isothermal warm-blow occurs as the magnetization continues while the proper 
amount of helium is forced to flow from the cold-end to the warm-end. The helium 
cools the core as the magnetic interaction heats it. The process is isothermal if 
these two effects match. 
3. An adiabatic demaanetization lowers the temperature profile of the core from the 
warm- blow profile to the cold- blow profile. 
4. An isothermal cold-blow occurs as the demagnetization continues with helium flow 
from the warm-end to the cold-end. 
Even if Carnot cycles could be obtained within the core, the overall process still 
would not be reversible. Refrigeration is obtained when helium colder than 4.2 K enters 
the cold-end reservoir; thermal mixing also occurs in the warm-end reservoir as heat is 
rejected. Entropy is thus generated in both reservoirs. 
Whv Can't We Produce Carnot Cvcles? 
There are three reasons why Carnot cycles can never be realized by the original 
device: 1) system irreversibilities, 2) helium void and the breathing effect, and 3) 
improper field-flow phasing. The last one seems most crucial. 
1. System Irreversibilities The primary cause of irreversibility within the core 
is nonzero heat transfer AT between the GGG and helium. This causes the helium 
temperature profile to deviate from the GGG temperature profile. The magnitude 
of the temperature deviation can be estimated as a function of the temperature 
gradient, the helium flow rate, and the type of path, i.e.: adiabatic, isothermal or 
in between. 
2. Helium Void and the Breathinz Effect Helium void within the core has two 
major effects. First it adds zero-field specific heat to the core, reducing the tem- 
perature swing available from a given adiabatic path. Second it gives rise to what 
we call the breathing effect. The density of supercritical helium varies significantly 
a s  it is heated over its critical point at  5.6 K . As the GGG is magnetized, the en- 
trained helium is heated and it expands, thus expelling helium from the core. As 
the GGG is demagnetized, helium is pulled back in. The breathing effect prohibits 
true adiabatic paths. 
3. Im~roper Field-Flow Phasing A field-flow mismatch results since the rate 
of magnetic interaction and the helium flow rate cannot be adequately matched 
over the length of the core to allow for an isothermal path. If it is matched at one 
end of the core then it will not be in general matched at the other end. 
11. Preliminary Experimental Results 
R Inn The device was tested .several times in 1987 and 1988. No steady-state refriger t,' 
was achieved over the temperature range of 4.2 to 15 K . The results did however match 
closely to that predicted by a computer simulation program which was developed during 
the testing program. This program is discussed in the next section. 
111. Analvsis 
There are three types of analysis which have been performed for this project. The 
first analyzes an Ideal Carnot Device. Though the efficiency of a ideal device (irre- 
versibilities generated only in the reservoirs) can be determined from simple thermody- 
namic relations, the refrigeration power can only be determined by properly matching 
the helium properties to the GGG properties. The maximum refrigeration power per 
mass of GGG is found as a function of cycle parameters. This value can then be used 
as a standard of comparison for our actual device. 
The second analysis is done by computer simulation. The computer simulation 
program includes real properties of the core such as finite heat transfer coefficient 
and a helium void of about 5%, and more importantly it follows the same parameter 
dependence as the real system. In general, it is not possible to prescribe exactly what 
thermodynamic cycle each segment along the core will experience. As we vary the 
magnetic field and helium flow in order to control the temperature of one core region, 
we cannot control the other regions. The independent variables are rate of magnetic 
field change, H, and rate of helium flow, h. The steady-state temperature profiles 
cannot be directly prescribed. Note that though the helium flow rate is not the same 
throughout the core due to the breathing effect, it is not independently controlled as a 
function of position either. 
The final method of analysis tries to explain cycle imperfections from a convection 
wave point of view. To do this it looks in detail into various limiting cases of the 
governing equation. With a more fundamental understanding of how steady state 
cycles develop we can determine a criterion for when refrigeration is possible. 
Analysis of an Ideal Carnot Device 
A model core with no irreversibilities and no helium entrainment (and therefore no 
breathing effect) was studied to  see if it would be possible to obtain a series of Carnot 
refrigerators in this ideal limit. This method iteratively chose the isothermal cold-blow 
temperature profde and then constructed the resulting match between the helium and 
GGG thermodynamic properties. The iteration was successful when a match was found 
which used the available field swing of our superconducting magnet (1 to 4 T). It was 
found that: . ~ h k  field must be a function of both time and position if Carnot cycles are to be 
achieved. This result is true even in this ideal case. 
0 If the field could be prescribed as any arbitrary function of time and space, then 
refrigeration over the temperature range of 4.2 to 15 K should be easily achieved, 
even with the inclusion of irreversibilities in the core. 
This analysis does not predict the degree of perturbation from the ideal Carnot 
cycles that will result from our system, which applies the magnetic field uniformly 
over the core, and which has a helium void of about 5% within the core. 
A temperature-entropy diagram of one successfully matched ideal-Carnot cycle is 
shown in figure 2. The corresponding temperature profile is also shown. 
A Two-Stage Ideal Carnot Svstem 
In this part of the analysis we forced a match between 1) the net helium flow, 
and 2) the net heat flow between a two-stage ideal Carnot system. The lower stage 
refrigerates between 4.2 and 10 K, while the upper stage refrigerates between 10 and 
15 K. We found that if both stages were optimized, then a two-stage match required 
that the upper stage use different cycle parameters than the lower stage. That is: 
In order to design a two-stage system with ideal Carnot stages, the upper stage 
must use more of the available field swing for the adiabatic part of the cycle. 
Analvsis by Computer Simulation 
A computer simulation program was developed in order to help study the behavior 
of our refrigeration system. This program breaks the core into segments. For each 
segment and for each step in time it iteratively solves an energy balance. The helium 
is kept at constant pressure, and therefore in order to conserve helium mass, the flow 
rate must be adjusted from segment to segment. This inclusion of the breathing effect 
is necessary in order to properly model our system. 
Once the program has reached a cyclic steady-state, information is recorded. Some 
of the graphs produced by this program include: 
1. Temperature profiles at any pre-selected field increments. Approximately 20 pro- 
files may be plotted on four different graphs for one complete cycle. 
2. Selected segments plotted on a T-S diagram of the GGG. 
3. The net enthalpy flux along the core over a complete cycle, calculated at each 
segment boundary, is plotted as a function of position along the core. Enthalpy 
flow is taken to be positive if the mass flow is from the cold-end to the warm-end, 
and negative for reverse flow. The derivative of this graph is the net work into the 
corresponding segment. The value of this graph at the cold-end is the refrigeration, 
and the value at the warm-end is the heat of rejection. 
4. The net entropy flux along the core over a complete cycle is also plotted. It is 
defined in the same way as the enthalpy flux in item 3. The derivative of this 
graph is the net irreversibility generated by the corresponding segment. Steep 
sections in this curve represent inefficient regions in the core. In a good overall 
cycle the percent increase in this curve will be small. 
5. The net entropy flux at several selected segment boundaries, recorded at each time 
step of the cycle, is plotted against the corresponding temperature of the upstream 
segment. This curve shows in detail what went into making the graphs described 
in item 4. It also helps show why a segment is inefficient. 
The computer program was run for many cycle parameters. The results can be 
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summarized as: 
Net refrigeration is not achieved for any cycle parameters when the temp~ratllre 
range was 4.2 to 15 K. 
The cold-end seems to be insensitive to variations in cycle parameters. 
The warm-end responds to variations in cycle parameters. 
For smaller temperature ranges of 4.2 to 10 K, and 10 to 15 K, refrigeration is 
achieved, and the efficiency is optimized. 
Some of the graphs produced by the program for operation over the temperature 
range of 4.2 to 15 K are shown in figure 3. From these graphs we can see that the 
cold-end is not being cycled as a refrigerator, that figure 3-c shows a cross-over on 
the temperature-entropy curve which cancels refrigeration. Most of the irreversibility 
is generated in the cold-end. It seemed that there should be a way to modifjr the 
thermodynamic cycle in such a way to help the cold-end (perhaps at the expense of 
the warm-end) to even out the irreversibilities and produce refrigeration. All attempts 
to do this failed. 
Data from our computer simulation program matched the test data well. We 
knew that the breathing effect and improper field-flow phasings were causing a bad 
thermodynamic cycle to develop, but we still did not have a method for correcting the 
problem. 
Computer Simulation: A Two-Stage System 
As in the previous two-stage Ideal Carnot system, we also forced the net helium 
flow and the net heat flow to match between the two computer simulated stages, and 
again we found that: 
0 If we are to match the helium flow and the heat flow of a two-stage system, then 
the upper stage must use more of the available field swing for the adiabatic part 
of the cycle than the lower stage. 
Computer Simulation: Sinde-Stave, Two Independent Solenoids 
After looking at the above analysis, and noting some of the problems with our 
device, we found that simple field modifications could remove most of the short comings. 
When the computer simulation program was tested with two independent fields over a 
single core, it was found that refrigeration could be produced. The field profile of one 
such computer run is shown in figure 4. 
Analvsis of the Governing Eauation in Various Limits 
The above analysis produced a solution to our cycle selection problem, but it left 
unanswered some basic questions: 
1. Is it possible to obtain proper thermodynamic cycles with a single solenoid, if so 
how should the field profile be shaped? 
2. Can other non-Carnot-type cycles be used with equal or better success? After all, 
a regenerator can store heat reversibly at any temperature, and in so doing allows 
for other reversible thermodynamic cycles. 
Fig. 4. Cycle Parameters Predicted to Produce Refrigeration 
3. Smaller temperature ranges can accommodate improper field-flow phasing without 
significant loss of refrigeration . What is the largest temperature range which can 
be successfully refrigerated over for a single solenoid device? 
In order to better understand some of the phenomena involved in active regen- 
eration, we have analysed the basic governing equation for our device in its various 
limiting cases. These cases include: 1) the isothermal limit, 2) the adiabatic limit, and 
3) step-wise-constant-parameter convection wave solutions. One of the key parameters 
of active regeneration comes from the isothermal limit. In this limit the temperature 
of the core is governed by: 
where p m  is the helium void fraction, A is the core cross section, pg is the GGG 
density, and cp is the helium specific heat. It is important to note that the independent 
appear as the ratio ( H I & ) ,  where fi is the rate of change of the applied 
magnetic field, and & is the helium mass flow rate. For a given field, H, and a given 
temperature profile within the core, there is a value of (a/&) which will allow for a 
solution to the above equation and therefore for a locally isothermal region in the core. 
When the above equation is not satisfied, isothermal imbalances result and other 
terms must be included in the governing equation. The details of this analysis are not 
presented here. Some of the main results are: 
Deviations from the Carnot-type thermodynamic cycle will result in excess helium 
flow on the cold-blow, which will in turn cause thermal pollution of the cobd-end 
reservoir and a loss of net refrigeration. The Carnot-type cycle is best. 
0 Larger temperature ranges allow for less total helium flow. Less total helium flow 
results in greater accumulation of isothermal imbalances. 
0 When the temperature range is low, the helium flow rate may be great enough to 
allow the convection wave to travel the length of the core during a flow process. 
When this happens, isothermal imbalances may be pushed out of the end of the 
core and need not accumulate. 
0 The proper adiabatic path must both raise (or lower) the temperature profile, and 
adjust its gradient. The average temperature gradient must be steeper during the 
warm-blow, and less steep during the cold-blow. 
0 The breathing effect causes unwanted flow during the "adiabatic" processes. The 
net effect of an adiabatic magnetization with our device is to raise the temperature 
of the core fairly uniformly. 
From the above results two concIusions can be made on oor device. 
1. Since the convection wave will not travel the length of the core during a process 
which spans the temperature range of 4.2 to 15 K, we must therefore have proper 
spatial control of the ratio (&/&I. 
2. We cannot obtain proper adiabatic paths with a single uniform magnetic field. We 
do not have proper spatial control of ( H / & ) .  
These problems could be solved by two different methods. Either we can cover the 
desired temperature range in two stages, each stage satisfying the small temperature 
range criteria, and therefore not requiring proper control of (If/&), or we can modify 
our present device to obtain better field-flow phasing. We decided to gain better control 
of ( H I & )  by modifying our magnetic field system. 
A parallel project has been underway in France.' This project has used the same 
basic system designs as appeared in our earlier papers. Being a second generation 
device, certain improvements have been made to help obtain better field-flow phasing, 
but a single solenoid is used. Data from this device still indicates difficulty in controlling 
the thermodynamic cycle. The basic behavior predicted by our computer simulation 
program holds true for the French device. 
W .  Modification to Our Device 
Figure 4 shows the magnetic field as a function of time for both the (upper) witrm- 
half and the (lower) cold-half of the core. This pattern was found by the computer 
simulation program to produce refrigeration over the 4.2 to 15 K range consistent with 
the device limitations. Note that the greatest difference between the two fields at any 
given time is only 0.5 T . 
A perturbation (secondary) coil is wound over the length of the core, with the 
(upper) warm-half windings in the same direction as the primary coil, and the (lower) 
cold-half windings in the opposite direction. This coil, driven by its own supply sepaxate 
from the one for the main coil, adds 0.25 T to the warm-half while it subtracts 0.25 T 
from the cold-half. It is controlled by the same computer program which controls the 
primary current and the displacer position. 
VI. Conclusions 
One major cycle parameter is the percent of the available field swing used for 
the "adiabatic" paths. As the adiabatic percent is increased from zero, more heat is 
pumped, and the cycle efficiency is reduced. The GGG and helium properties are such 
that a field-flow mismatch occurs between the cold-half and the warm-half of the core. 
In order for the warm-half to pass the proper amount of heat out to the warm-end 
reservoir, it must have a larger adiabatic percent than the cold-half. If a single coil is 
used, then the adiabatic percent is the same everywhere; heat will "pile up" within the 
core. 
As the overall temperature span becomes smaller, the field-flow phasing becomes 
less critical. One reason for this is that the increased helium flow rate associated 
with a smaller temperature range may allow the convection wave associated with the 
isothermal perturbations to travel the core's length during a single cycle path. When 
this happens, past cycle imperfections are pushed out of the core. 
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A brief overview of the principals of thermoacoustic refrigeration is given, in 
the context of a comparison to Stirling cycle coolers and pulse tube coolers. A practi- 
cal cooling engine is described which is an electrically driven cooler having one moving 
part (at room temperature) and no sliding seals. Some experimental results and a 
comparison to a thermoacoustic theory are presented. Also, monatomic gas mixtures 
having low Prandtl number will be discussed. These mixtures improve the experimen- 
tal efficiency of our refrigerator which can also be seen from a qualitative examination 
of the theory. Thermoacoustic refrigerators offer potential advantages for high-relia- 
bility and low vibration which make it well suited for applications in space. 
INTRODUCTION 
This work began at Los Alamos National Laboratory with G. W. Swift and J. C. Wheatley and 
was motivated by an article by P. H. ceperley,l which suggested some acoustic variations of the Stirling 
2 cycle engine, and an article by Gifford and Longsworth which discussed a new class of heat pumping 
engine known as the pulse tube. Later at Los Alamos, the thermoacoustic theory of N. Rott and 
~oworke r s~ -~  was discwered and incorporated in to our research. Rott is responsible for using the 
term "thermoacoustic" in the restricted sense of acoustic heat engine effects, and we use this term since 
the Rott theory is the best available at this time. References 6-9 are a selected o v e ~ e w  of the Los 
Alamos work. Part of this work has moved to the Naval Postgraduate School with collaboration from 
Steve Garrett, Anthony Atchley, and Steve Baker. 
I. SOME THERMOACOUSTIC CONCEPTS 
A. The Stirling Refrigerator 
The following discussion revolves around what happens in a stack of parallel plates (having 
adjacent plates spaced apart by a uniform amount) when placed in a gas having an oscillatory pressure 
and velocity. Although other geometries are possible, this geometry is suitable for thermoacoustic en- 
gines (where it is usually referred to as the "stack") as well as Stirling engine regenerators. The main 
purpose of this discussion is to make a distinction between the function of a regenerator in a Stirling 
engine refrigerator and the "stack" of a thermoacoustic refrigerator, and to indicate the roles these two 
heat transport mechanisms play in pulse tube operation. A highly simplified schematic of a Stirling cy- 
cle refrigerator is shown in Fig. 1. 
FIG. 1. A simplified schematic of a Stirling cycle refrigerator. 
The regenerator is shown in the center of the tube in Fig. 1. The separation between these re- 
generator plates is much less than 6,, the thermal penetration depth as defined in the figure, where n is 
the thermal conductivity, pm is the mean density, and cp is the specific heat at 'constant pressure. 
Roughly, 6, is the distance heat can diffuse through the gas during one cycle. Thus temperature gradi- 
ents can only occur in the x direction along the plates and the gas is isothermal in the y direction trans- 
verse to the plates. The oscillatory component of the gas temperature T, at any point in the regenera- 
tor is approximately zero. The 1 subscript denotes a quantity as first order in a small amplitude expan- 
sion (eg. T=Tm+Tl+T2+. - -). The other major feature of a Stirling refrigerator is the nature of the 
work flow in the gas. The local work flux is given by the time averaged product of pressure p, and ve- 
locity u,. Ifrpically, there is an input work flow Wi that is supplied to the regenerator and an output 
work flow Wo which is removed from the system. Wo is a substantial fraction of W, so ( W(x) I >> 0, 
and there is a substantial in-phase component between the pressure and velocity at any point in the re- 
generator. To use acoustics jargon, we would say that there is a substantial travelling wave component 
in the regenerator. 
If we make certain approximations (ie. ideal gas, small amplitude, and no thermal conductivity 
in the x direction), then a simple expression for the total enthalpy flow H2 can be 
Yo 
H2 = %zp Tluldy = WZ + Q1 = 0, (1) 
where TI is the total plate perimeter of a cross section through the plates and yo is half the plate separa- 
tion. The 2 subscript denotes quantities that are accurate to second order in the small amplitude. So, 
the enthalpy flow, which is the sum of the work flow W2 and heat flow Q2, is approximately zero because 
T, = 0. The result is that there is a heat flow Q, that is equal and opposite in direction to the substan- 
tial work flow W2 discussed above. 
B. The Thermoacoustic Refrigerator 
A simple schematic of a thermoacoustic refrigerator is shown in Fig. 2, where an acoustic 
driver is exciting a quarter wavelength standing wave in a gas filled tube containing a "stackn placed near 
the closed end of the tube. 
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FIG. 2. Schematic of a thermoawustic refrigerator. 
Note that the resonance condition of a quarter wavelength is not essential, but it is a means of obtain- 
ing high pressure amplitudes with minimal mechanical demands on the driver. The plates in the stack 
are typically spaced a few thermal penetration depths 6, apart and we assume that initially the plates 
have a uniform temperature distribution. A magdied view of the gas near a plate shows a gas parcel 
oscillating back and forth above the plate and conducting heat to and from the plate, through a layer of 
gas about 6, thick. (The vertical displacement of the parcel in the figure is used for graphical simplic- 
ity and does not physically occur in this simple model. A detailed discussion of the thermodynamic cy- 
cle for this parcel will not be given, and can be found elsewhere.") This layer of gas, called the thermal 
boundary layer, represents a thermal impedance and conducting heat through it takes a finite amount 
of time. This results in a time phase lag between the pressure p, and the temperature T,. 
Another way of looking at this is to realize that gas parcels located half between adjacent plates 
are undergoing nearly adiabatic compressions (with correspondingly large T, temperature variations) 
and that parcels located very close to the plates are undergoing nearly isothermal compressions (with 
correspondingly small T,). Not only is there a great deal of temperature stratification in the transverse 
direction, but there is also a large variation in the phase of the local temperature relative to the pres- 
sure. This is in contrast to a Stirling regenerator where T1 = 0. 
The other major physical difference between a regenerator and a thermoacoustic "stackn is that 
p, and ul are very nearly in quadrature, since the "stackn is in a standing wave having a moderately high 
quality factor and W, = 0. This results in a substantial component of T1 that is in-phase with u,. Going 
back to the integral of Eq. 1 for local enthalpy flow, we can see that I H, I >> 0, thus I Q, I >> 0. 
The direction of Q, is always towards the nearest pressure antinode (ie. local maximum) of the standing 
wave which, in Fig. 2, is located at the closed end of the tube. 
C. The Orifice Pulse Tube Refrigerator 
2 The article "Surface Heat Pumping" by Gifford and Longsworth describes the original pulse 
tube refrigerator. The title of the article is the term the authors coined for the heat transport effect oc- 
curring in the pulse tube. Their qualitative description of this effect was entirely correct and this effect 
is equivalent to the thermoacoustic heat transport discussed in the previous section. Much later, a sig- 
nificant improvement to this engine was discovered by Mikulin et. a1.12, which was called the orifice 
pulse tube refrigerator. Today, some of the most highly developed orifice pulse tubes are made by 
Radebaugh and coworkers,13914 and Fig. 3 is due to Radebaugh. The purpose of this section is to indi- 
cate the role thermoacoustic heat transport has in the operation of practical pulse tube engines and dis- 
cuss other possible mechanisms at work in these engines. 
Regenerator  
FIG. 3. Schematic of an orifice pulse tube refrigerator. 
The original pulse tube is the same device as the orifice pulse tube shown above except that the 
orifice is closed, which we will assume at the start. The pulse tube portion is typically an empty tube 
having a diameter that is several times larger than 6,. The empty tube then transports heat in a man- 
ner similar to the "stack" of Sec. B. The physics is the same, but some of the practical details are differ- 
ent. In the pulse tube the frequencies are much lower, 6, is much larger, and the pressure amplitudes 
are much greater than in a thermoacoustic refrigerator. The function of the regenerator of Fig. 3 is 
somewhat less clear. 
One of the problems of the device of Fig. 2 and of a pulse tube driven without a regenerator is 
that the ambient temperature driver or compressor conducts heat to the cold end of the "stack" or pulse 
tube. A brief review of the pulse tube literature gives no explanation for the existence of the regenera- 
tor and the reader is left to assume that its function is to passively isolate the warm compressor from 
the cold pulse tube. This would be entirely true if the pulse tube adsorbed no work and the pressure 
and velocity time phase were in exact quadrature. However, the pulse tube and its heat exchangers do 
adsorb some small amount of work W, and this work must flow through the regenerator from the com- 
pressor. From the discussion of Sec. A, we know that the regenerator must transport some heat in the 
direction opposite to the work flow. So, the basic pulse tube refrigerator is perhaps a hybrid engine 
with a thermoacoustic part and a Stirling cycle part. 
The main function of the orifice and reservoir is to dissipate work by allowing the gas to flow 
through the flow-resistance of the orifice. Increasing the work flow (or traveling wave component) 
through the pulse tube portion has little effect on the thermoacoustic heat transport in the tube. 
Wheatley has shown15 that the heat transport due to a pure traveling wave in such a case is about an 
order of magnitude less than the heat transport for a pure standing wave, and that the two transport 
effects are opposite in direction. The added work dissipation must also flow through the regenerator 
from the compressor and this causes a great deal of heat to be pumped by the regenerator. Thus, the 
orifice pulse tube engine may operate primarily as a Stirling refrigerator, with the pulse tube portion 
serving as a means to thermally isolate the heat generating orifice from the cold end of the regenerator. 
II. AN EXPERIMENTAL THERMOACOUSTIC REFRIGERATOR 
A. The Apparatus 
The thermoacoustic refrigerator design and measurements discussed in this section were moti- 
vated by a desire to measure the intrinsic thermodynamic efficiency of the heat transport that occurs in 
the "stack" and separate this from any other system inefficiencies or parasitic losses. This goal has been 
successfully achieved with an experimental apparatus that is a fully functional refrigerator and a nearly 
practical device, shown in Fig. 4. 
FIG. 4. Cross section of an apuimental thermoacoustic refrigerator. 
The overall quarter wavelength resonator geometry shown in Fig. 2 is used here as well, with a 
few modifications. Since moderately high Q standing waves are used in these systems, it does not matter 
where the acoustic driver is located in the system. The large volume-displacement driver of Fig. 2 is lo- 
cated at the velocity antinode of the standing wave and the small volume-displacement driver piston of 
Fig. 4 is located at the pressure antinode of the standing wave. This allows the cold end of the system to 
be isolated from the driver, and a regenerator is not required. The spherical volume at the bottom sim- 
ulates an open end to the tube, and the overall length of the system is 60 cm. 
The driver is a permanent magnet linear motor having one moving part and no sliding seals. 
The piston assembly has a 2 in. diameter at the voice-coil and a 1 in. diameter where it mates to the res- 
onator via a flexible plastic seal, and has a total moving mass of 5 g. A capillary leak eliminates any 
static pressure differences across the flexible seal. A subminiature accelerometer mounted on the pis- 
ton, and a pressure transducer installed in the resonator near the piston, allow accurate measurement 
of the amustic power delivered to the resonator irrespective of driver inefficiencies16 These transduc- 
ers also allow the drive frequency to be dynamically controlled to maintain resonance. 
The maximum driver amplitude is usually determined by the limits of the flexible plastic seal 
and the following are measured levels associated with a functional maximum drive amplitude which has 
been sustained for months of operation without repair. The peak-to-peak piston displacement is 
760 microns with a swept volume of 0.45 cm3 and a dynamic pressure ratio of p(max)/p(min) = 1.M. 
The acoustic power delivered to the resonator is typically 10 watts for He. 
The resonator contains hot and cold heat exchangers which butt up against a "stackQnd He 
gas (or gas mixtures) at 10 bar absolute pressure. The resonant frequency varies from a maximum of 
650 Hz with He gas to a minimum frequency of 250 Hz with He-Xe mixtures. An electrical resistance 
heater provides a heat load near the cold heat exchanger. The resonator vessel is constructed of heavy 
gauge copper except in the stack region where the tube is fiberglass. The "stack" is a spiral roll of plas- 
tic film and spacers that is 3 in. long and has a 1.5 in. diameter with 70 layers across a diameter. The 
heat exchangers consist of 50 parallel copper strips. The resonator is thermally insulated by a vacuum 
space and either a temperature controlled radiation shield or superinsulation. The cool down time is 
slow because of the large heat capacity of the resonator and all of the measurements are taken in steady 
state. 
This refrigerator design has potential advantages for high reliability and low vibration applica- 
tions and we at NPS are currently fabricating a new version that will be flown as a space shuttle GAS 
experiment (NASA 6337). We hope to demonstrate the feasibility of using this refrigerator for space 
applications. 
B. Experimental Results 
The coldest temperature achieved to date with the above refrigerator is 193 K with an ambient 
temperature of 293 K. The experiment can be run with a known electric heat load, the acoustic power 
delivered to the resonator can be measured, and the temperatures measured in steady state. Various 
small parasitic loads and losses can be measured and included in the analysis. These effects include an 
external heat leak, cold resonator losses, and heat exchanger losses. These data can then be analyzed to 
determine the thermoacoustic efficiencies intrinsic to the "stack". Some of these results are shown in 
Fig. 5 and Fig. 6, along with comparisons to the theory of N. Rott. 17 
FIG. 5. A comparison of experimental data and theory, FIG. 6. A comparison of experimental data and theory, 
for He gas and a pressure ratio of 1.06. The upper plot is for a pressure ratio of 1.03. 
temperature ratio vs. heat load and the lower is relative 
COP vs. heat load. Solid cunres represent the theory. 
9 
These results show temperature ratio TCOLD/THOT and relative coefficient of performance 
COPR=COP/COP (Carnot) versus QmT, the heat load external to the "stack". Figure 5 indicates a sub- 
stantial cooling power of 7 watts at maximum COPR with a moderately large discrepancy between ex- 
periment and theoq, and Fig. 6 indicates much better agreement with themy at a reduced power level. 
The smallest heat load data point on these plots represents zero electric heat load and its value is an in- 
dication of the relative size of the parasitic load. 
. . . . . . . .  
Ill. MONATOMIC GAS MIXTURES 
The Prandtl number o of a fluid is a dimensionless quantity given by the ratio of kinematic vis- 
cosity Y to thermal diffusivity x and is equal to 2/3 for noble gases. Prandtl number can also be thought 
of as the amount of momentum diffusion relative to thermal diffusion. This is an important quantity in 
any heat engine where viscous scrubbing losses are significant. In thermoacoustic engines it also affects 
the basic transport mechanism where the details of gas motion, thermal conduction, and phasing near a 
solid surface are important. 
While the Prandtl number for most gases is roughly unity and does not vary much, the Prandtl 
number for liquid metals, such as mercury and sodium, can be orders of magnitude smaller. The reason 
for this is that the momentum diffusion for a liquid metal is dominated by the massive metal atoms and 
the thermal diffusion is dominated the mobile, low-mass electrons. 'This effect can also be seen, to a 
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lesser extent, in gases where a light gas is mixed with a heavy gas. The Prandtl number can be calculated 
as a function of mixture concentration using kinetic gas theory1' and some results are shown in Fig. 7. 
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FIG. 7. Theoretical dependence of Prandtf number on He FIG. 8. Comparing experimental COPR for three differ- 
concentration, for He-Ar and He-Xe gas mixtures. ent gases. 
We also hope to measure these variations in Prandtl number by means of acoustic quality fac- 
tor measurements in a double Helmholtz resonator. The losses in spherically symmetric resonant 
modes of the volume are dominated by thermal conduction from the gas to the resonator walls, and the 
losses in the Helmholtz modes are dominated by viscous scrubbing at the tube joining the two volumes. 
A mixture of He-Ar and a mixture of He-Xe have been tried in the thermoacoustic refrigerator 
of Sec, I1 without any other modification. The concentration and value of Prandtl number for these 
mixtures is shown by the curve markers in Fig. 7, and the refrigerator results are shown in Fig. 8 along 
with pure He for comparison. The continuous curves in Fig. 8 are only to guide the eye and do not rep- 
resent theoretical predictions. The data for He-Xe represent a 50% improvement in COPR relative to 
pure He. These results only have the external heat leak included in the Q values, and so the values of 
COPR for a practical refrigerator are roughly 10% lower than the plotted values and the values of COPR 
intrinsic to the "stack" are roughly 10% higher than those plotted. 
The value of using low u gas mixtures in thermoacoustic refrigerators can also be examined 
with the Rott theory.'' Figure 9 is a plot of these calculations for three different temperature ratios. 
COPR 
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FIG. 9. Theoretical dependem of COPR on Prandti number for three different temperatu~t ratice. 
The smaller temperature ratios represent greater heat loads on the cold end of the refrigerator. The 
vertical lines indicate the Prandtl numbers of the gases used in the experiments. These calculations in- 
dicate that substantial gains 'in COPR can be had with low Prandtl number gas mixtures, but only at 
small heat loads. Furthermore, these calculations support the contention of Gifford and Longsworth 
2 that viscosity may actually improve the performance of surface heat pumping although the optimum 
value of Prandtl number may be a = 0.1 or less. 
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1 In t roduc t i on  
The deveropment o f  r e l i a b l e  and low cas t  cryocoolers which meet the 
requirement o f  the app l i ca t i on  f i e l d s  i s  coming t o  be an important 
subject.  The pulse tube r e f r i g e n a r a t o r  has the  p o t e n t i a l i t y  o f  the low 
cos t  and the  r e l i a b i l i t y ,  because i t  has no moving p a r t s  -except the gas 
compression p a r t  [ I  1. Therefore the  design o f  t he  compression system i s  
the  most important sub jec t  i n  t he  view p o i n t  o f  the  r e l i a b i l i t y .  I n  the 
case of producing a mechanical compressor, t he  h igh  r e l i a b i l i t y  w i l l  cause 
the  cos t  t o  be high. The thermal ly  actuated gas compression system, 
however, which i s  s i m i l a r  t o  t he  compressor p a r t  o f  Vui l leumier  
cryocoolers may be produced a t  a low cos t  w i t h  a h igh  r e l i a b i l i t y .  
This  paper describes the  f e a s i b i l i t y  of the  thermal ly  actuated gas 
compression system f o r  t he  pulse tube re f r i ge ra to r .  
2 Fundamental Model 
Thermal compressors can be c l a s s i f i e d  i n t o  th ree  types shown i n  the 
Figure 1. Type (a) i s  aba i lab le  f o r  such uses as a thermal compression 
p a r t  o f  t h e  Vui l leumier  cryocooler. I n  t h i s  case, the  ho t  d isp lacer  which 
i s  conected t o  the  cranke mechanism i s  actuated by force us ing such as an 
e l e c t r i c  motor. This  system works i n  smooth motion. The expensive and 
the  complex mechanism may be used i n  the  system, however. 
I n  the  case o f  type (b), no ex terna l  force i s  used t o  operate the 
system. Therefore the  system i s  a k ind  o f  heat engin. This  system has 
t h e  d r i v e  s h a f t  w i t h  a shaf t  seal. The d isp lacer  i s  actuated by the  force 
which i s  generated by the pressure d i f fe rence between two chambers 
separated by t h e  shaf t  seal. It i s  poss ib le  t o  operate t h e  system i n  the 
hermonicmot ion by us ing  such as a l a rge  flywheel. The o r i g i n  o f  the 
p o s i t i o n  i s  t h e  center  of t he  c y l i n d e r  on the  axis. This system needs the 
work which i s  given by  
"Research associate from Suzuki Shokan Co., Ltd. 
Fig.1. Three fandamental type of thermal compressor. 
(a) Actuated by force with crank mechanism. 
(b) Thermally actuated with crank mechanism. 





Fig.2. Schematic diagram of thermally actuated Pul'se tube refrigerator. 
where P i s  the  working pressure which changes w i t h  the motion, P, i s  the 
pressure o f  reservo i r ,  A i s  t h e  cross sec t iona l  area of the s h a f t  and x i s  
the  pos i t ion .  I n  the  negat ive x value pos i t ion ,  the  working pressure i s  
h igher  than the r e s e r v o i r  pressure. I n  the  opposite case the working 
pressure i s  lower than reservo i r .  Therefore the  system needs such as a 
f lywheel  t o  make the  motion continue. I n  the case of the  isothermal 
process as we l l  as the  ad iabat ic  process, the  fo rce  which i s  the product 
o f  the  pressure d i f f e r e n c e  and the  area o f  t he  stem has the same value a t  
any pos i t ion .  This means t h a t  t he  system can n o t  be operated because i t  
produces no work. 
By us ing  the  expander w i t h  the  proper motion, however, t he  p o s i t i v e  
value o f  work can be produced. I n  t h a t  case the  pressure a t  some p o s i t i o n  
i n  a downward motion i s  h igher  than t h a t  i n  a upward motion. Therefore 
the  system can be operated by us ing on l y  heat energy. The crank mechanism 
may be used between t h e  h o t  d isp lacer  and the  expander. .The shortage o f  
moving f o r c e  which i s  caused by the  pressure d i f f e r e n c e  makes the motion 
t o  be t h e  swing motion. The moving fo rce  w i  11 be decreased i n  the swing 
motion because the  pressure d i f fe rence decreases w i t h  reducing the s t roke 
o f  motion. 
The type (c )  i s  a lso  operated by on l y  heat energy. This s e l f  
ac tua t i on  mechanism i s  almost t h e  same as the  type (b) except us ing spr ing  
and having no f i x e d  stroke. This  type o f  thermal compressor would n o t  be 
unstable because the  system o f  a spr ing  and mass w i l l  acts  such as a 
f lywheel  used i n  t h e  type (b). 
I n  order  t o  operate the  system, the  work which i s  produced by using 
the  d r i v e  shaf t  should be a p o s i t i v e  value. The c y c l i c  motion i s  a lso 
r e a l i z e d  by  rep lac ing  the  expander t o  the  t h r o t t l e  va lve and rese rvo i r  
because t h e  pressure change o f  working gas do n o t  t race  on the  oposi te 
process. I f  t h e  work produced by  t h e  expander may no t  be used as the 
d r i v i n g  energy, t he  t h r o t t l e  va lve methord i s  the  most simple system. 
Therefore the  thermal ly  actuated compression system having a valve has 
been selected f o r  t h e  pulse tube r e f r i g e r a t o r .  
F igure  2 shows t h e  schematic diagram o f  thermal ly  actuated pulse tube 
r e f r i g e r a t o r .  The r e f r i g e r a t o r  cons is ts  o f  a thermal compressor and a 
pu lse  tube. The pressure o f  a spr ing  chamber i s  equa l l  t o  t h e  pressure o f  
reservo i r .  Those pressure i s  almost constant because of a l a rge  volume of 
the  reservo i r .  
A t  the  s t a r t  o f  t he  motion, t he  p o s i t i o n  of t he  d isp lacer  x equal l  t o  
-s/2 and the  valve B i s  s l i g h t l y  opened. The h igh  pressure gas flows i n t o  
the  r e s e r v o i r  through the  valve B. Reducing the  pressure d i f ference 
between t h e  c y l i n d e r  and the  spr ing  chamber, t h e  d isp lacer  s t a r t  t o  move 
upward b y  sp r ing  force. The d i sp lace r  moves w i t h  increasing speed by the  
increment o f  pressure. When the  pressure becomes lower than t h e  pressure 
( ELECTRIC HEATER 
- THERMAL INSULATOR 
i GAP REGENERATOR (STAINLESS STEEL) TO RESERVOIR 
; x ~ R V O I R  UATER COOLED 
(STAINLESS STEEL) 
(BRONZE SCREEN) 
( B )  
POSIT ION SENSER 
Fig. 3. Thermal l y  actuated pulse tube re f r ige ra to r .  
(A )  Thermal compression part .  
( 8 )  Pulse tube r e f r i g e r a t i o n  part .  
o f  reservo i r ,  working gas coming from the rese rvo i r  f lows i n t o  the 
c y l i n d e r  through the  valve 8. The motion cont inues by i t s  momentum u n t i l 1  
t he  fo rce  ba l  lance becomes the reverse. The P-V work o f  t h i s  cyc le  i s  t he  
p o s i t i v e  value, t h a t  i s ,  the d i sp lace r  motion becomes cyc l i c .  
When the  valve A i s  closed, i t  i s  the  basic  pulse tube r e f r i g e r a t o r .  
The motion i s  a l so  c o n t r o l l e d  by the  valve A. When the  valve A i s  opened, 
t h i s  system i s  c a l l e d  the  o r i f i - ce  pulse tube r e f r i g e r a t o r  [2]. I n  order  t o  
ob ta in  the  h igh  e f f i c iency ,  reducing the  r a t i o  of the  mass f l ow  r a t e  
(dmo)  i s  important. Decreasing the temperature of the  pulse tube 
increases the  mass flow. It causes the  degradat ion of the  pressure r a t i o .  
3 Experiment 
F igure 3 shows the  t e s t  machine o f  t he  thermal ly  actuated pulse tube 
r e f r i g e r a t o r .  I n  t he  compression par t ,  a gap regenerator i s  used and the 
d i sp lace r  i s  made o f  304 s ta in less  steel .  It i s  63.4 mm i n  diameter and 
about 230 mm i n  length. The c y l i n d e r  i s  a lso  made o f  304 s ta in less  steel .  
The components have been welded. The r a d i a l  clearance o f  the  d isp lacer  
sec t ion  i s  about 0.3 mm. The heat i n j e c t i o n  part ,  which has the  heat 
t r a n s f e r  area o f  about 0.01 m2, i s  covered by  e l e c t r i c a l  heater. The heat 
r e j e c t i o n  p a r t  i s  covered by  coo l i ng  water tube. The mass of the moving 
p a r t  except the  spr ings i s  0.87 k . The c a r a c t r i s t i c  of the  spr ing  i s  9 l i n e a r  and i t s  constant i s  4 .1~10 N/m. Opening the  valve C and 0, t he  
pressure o f  spr ing  chamber has b come equal1 t o  t h e  pressure o f  rese rvo i r  
which has about 2 l i t t e r s  (2x10 -~  m3) o f  volume. The pressure v a r i a t i o n  
o f  the  r e s e r v o i r  has been small as compared w i t h  t h a t  of working gas. The 
r a t i o  i s  about 1 t o  2 Z. The shaf t  which i s  sealed by cap seal has a 
diameter o f  16 mm. The poss ib le  maximum s t roke i s  about 14.2 mm. 
The matr ices o f  the  co ld  regenerator are made of layers  o f  
phosphor-bronze mesh which i s  about 200 mesh. The regenerator has a 
diameter o f  13 mm and a l eng th  o f  50 mm. The pulse tube which i s  made o f  
s ta in less  s t e e l  has an inner  diameter o f  7 mm, a length  o f  140 mm and 
a thickness o f  0.5 mm. The h o t  end o f  pulse tube which i s  made o f  copper 
has been cooled by water a t  room temperature. i t  has a length  o f  about 30 
mm and heat  t r a n s f e r  area o f  6.6~10'4 m2. 
For t h e  f i r s t  s tep of t he  experiment, the  pu lse  tube r e f r i g e r a t i o n  
p a r t  were replaced by  the  ex terna l  volume Vx t o  know the  performance o f  
t he  compressor. That thermal 1y actuated gas compression system has been 
operated by  o n l y  t he  heat energy. 
F igure  4 shows some experimental data o f  pressure and displacement 
var ia t ions .  The ex te rna l  volume i s  13.6 cc ( 1 3 . 6 ~ 1 0 - ~  m3) o f  volume and 
the  pressure o f  r e s e r v o i r  i s  about 2.9 MPa. To increase t h e  operat ing 
frequency the  o r i f i c e  s e t t i n g  of va lve  B was a t  a s l i g h t l y  h igher  value. 
The p o s i t i o n  o f  t h e  d i sp lace r  was measured by us ing a l i n e a r  va r i ab le  
d i f f e r e n t i a l  t ransformer which was adjusted t o  t h e  bottom p o s i t i o n  o f  the 
d isp lacer .  
Pm = 2.85 MPa 
Vx = 13.6 cc 
(L inear scale) 
TIME ( sec ) TIME ( sec ) 
(a) f = 1.9 Hz (b) f = 2.7 Hz 
Fig.4. Experimental data o f  pressure and displacement var ia t ions .  
I n  the  case (a) o f  F igure 4, t he  s t roke o f  the  d i sp lace r  i s  a  maximum 
poss ib le  value o f  14.2 mm. This shows t h a t  increasing the  cyc le  speed 
decreases stroke, pressure d i f fe rence and compression r a t i o .  I n  the  case 
(b) the  s t roke o f  the  d isp lacer  i s  smal ler  than the  case (a). It has been 
confirmed t h a t  the  P-V work o f  t h i s  system was p o s i t i v e  by t h i s  chart. I n  
the  case t h a t  t he  d i sp lace r  d i d  n o t  reach e i t h e r  end, the  d isp lacer  motion 
had been stopped. We suppose t h a t  t he  phenomena was caused by a  unstable 
f r i c t i o n a l  force. 
Figure 5 shows the  experimental r e s u l t s  o f  the  thermal actuated 
compressor. I n  case (B), t h e  ex terna l  volume Vx was 13.6 cc of volume and 
the  pressure o f  rese rvo i r  i s  about 2.9 MPa. Increasing the  frequency by 
increasing the  o r i f i c e  s e t t i n g  o f  valve B decreases the  pressure r a t i o  
def ined as Pmax/Pmin. The ava i l ab le  frequency was about 2.6 Hz. The 
r e s u l t  suggests t h e  compressor needs t h e  pressure d i f fe rence o f  0.45 MPa 
a t  l e a s t  t o  cont inue t h e  motion. I n  such a  valve set t ing,  t he  compressor 
i s  shor t  of t he  moving fo rce  caused by pressure dffference. The change of 
t h e  degradation o f  pressure r a t i o  i s  caused by t h e  shortage of stroke. 
Operating j u s t  below t h e  frequency o f  t h e  p o i n t  C may be t h e  e f f i c i e n t  
operation. The r e s u l t  a lso  shows t h a t  decreasing t h e  ex terna l  volume 
increases t h e  pressure r a t i o  as w e l l  as the  optimum operat ing frequency. 
The heat i n j e c t i o n  part,  t he  gap regenerator, and the  heat r e j e c t i o n  part 
have a dead volume o f  2.5 cc,13.8 cc and 5.0 cc, respect ive ly .  
F igure 6  shows t h e  coo l i ng  capaci ty  o f  t he  p a t i c u l a r  pulse tube 
r e f r i g e r a t o r .  The temperatures o f  t he  e l e c t r i c  heater  p o r t i o n  and the  
water coo l i ng  p o r t i o n  were about 700 K and 300 K, respect ive ly .  The 
pressure o f  t h e  r e s e r v o i r  was about 2.9 MPa. To keep the  frequency a t  
about 1.9 Hz the  valve B has been adjusted. For t h e  o r i f i c e  pulse tu-be 
the  valve A was s l i g h t l y  opened. I n  t h e  case o f  t he  optimum o r i f i c e  
s e t t i n g  f o r  t h e  pulse tube, t h e  operat ing frequency became low and the  
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Fig.5. Experimental r e s u l t s  o f  the  thermal ly  actuated compressor. 
Hot temperature T =700 K, Room temperature T,=300 K 
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Fig.7. Performance of the  pulse 
tube r e f r i g e r a t o r  us ing 
the  mechanical compressor 
co ld  end temperature was high. The pulse tube re - f r i ge ra t i on  p a r t  has the  
t o t a l  volume o f  about 11 cc. Considering the  temperature leve l ,  i t  i s  
13.4 cc which value i s  nea r l y  equal1 t o  the ex terna l  volume o f  13.6 cc i n  
the  Figure 5.  The pressure r a t i o  was about 1.4. This r e s u l t s  suggests 
t h a t  the  amount of gas passing through the  co ld  regenerator i s  l a r g e r  than 
the case B o f  Figure 5,  o r  the requ i red  l e v e l  o f  the  pressure d i f fe rence 
become h igh  because o f  the  f r i c t i o n a l  force. The working pressure and the  
temperature was decided by the  p r o ~ e r t y  o f  304 s ta in less  steel .  
F igure 7 shows the  performance o f  the  p a r t i c u l a r  pulse tube 
r e f r i g e r a t o r  us ing the  mechanical compressor. The r e s u l t  o f  t he  thermal ly  
actuated pulse tube r e f r i g e r a t o r  i s  p l o t t e d  i n  the  diagram. 
4 Discussion 
According t o  the  experimental r e s u l t s  o f  the  thermal actuated 
compression p a r t  o f  the  r e f r i g e r a t o r ,  t he  cyc le  speed seems t o  be l i m i t t e d  
by the  f r i c t i o n a l  force. Owing t o  the  f r i c t i o n a l  f o rce  i n  t he  motion, the  
l a r g e  pressure d i f f e r e n c e  which causes the  moving force has been required. 
The pressure r a t i o  has been decreased by the  dead volume o f  t he  system by 
increas ing  an ex terna l  volume. That r e s u l t s  suggests t h a t  t h e  l a rge  swept 
volume o f  the  compression p a r t  w i t h  t h e  same s t roke and the  d r i v e  s h a f t  i s  
requ i red  f o r  t he  h igh  frequency operation. I n  t h i s  experiment the  amount 
o f  gas passing through the  va lve  B has n o t  been measured. Decreasing t h a t  
amount o f  gas, however, increases t h e  t o t a l  e f f i c i ency  because the  work i s  
n o t  produced by the  valve. 
The motion o f  t he  d i sp lace r  i s  t h e  forced o s c i l l a t i o n  w i t h  a dampping 
e f fec t .  The d r i v i n g  fo rce  depends on both the  p o s i t i o n  and the  d i r e c t i o n  
o f  the  motion because t h e  fo rce  i s  p ropo r t i ona l  t o  t he  pressure d i f ference 
between the  working gas pressure and the  almost constant pressure o f  the  
reservo i r .  Therefore the re  e x i s t  two k ind  of force which depend on the  
p o s i t i o n  x. Those a re  t h e  fo rce  o f  sp r i ng  and t h e  force o f  pressure. The 
amount o f  l o s t  energy which i s  caused by the  f r i c t i o n  i s  given by the  work 
caused by the  fo rce  o f  pressure. The equat ion o f  t he  motion i s  expressed 
as fol lows, 
where M i s  t h e  mass o f  t he  moving parts,  A i s  a drag fo rce  caused by seal 
resistance, B i s  a c o e f f i c i e n t  caused by  t h e  v i s c o s i t y  of t he  working gas, 
K i s  a sp r ing  constant and S i s  t h e  area o f  t he  d r i v e  shaft .  The pressure 
P which i s  a func t i on  o f  the  pos i t ion ,  ca lcu la ted  f o r  t h e  isothermal model 
us ing the  idea1 gas property. The e f f e c t  o f  t he  valve i s  given by  
where i~ i s  a mass f l ow  r a t e  through the  valve, C shows the  s e t t i n g  value 
o f  t he  valve o r i f i c e .  The c a l c u l a t i o n  has been c a r r i e d  ou t  by a computer 
us ing the  Runge-Kutta method. 
Fig.8. Pressure  and movement v a r i a t i o n  
thermal ly actuated compressor 
from computer analysis*  
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Fig.9.  E f f e c t  of the f r i c t i o n  term 
from computer ana lys is ;  
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Fig. 10. E f f e c t  o f  spr ing constant from computer analysis. 
Figure 8 shows the  r e s u l t  o f  computer analysis.  Since the  heat i s  
t rans fered i ns tan tan ious l y  i n  t h i s  c a l c u l a t i o n  model, the  change o f  
pressure i s  more sharp as compared w i t h  experimental r e s u l t s  i n  F igure 4. 
F igure 9 suggests t h a t  t o  decrease the  f r i c t i o n  i s  e f f e c t i v e  f o r  
ob ta in ing  the  h igh  operat ing frequency. F igure 10 shows t h e  e f f e c t  o f  the  
spr ing  constant. By choosing the  h igh  value o f  the  spr ing  constant w i t h  
the  same mass, t he  ava i l ab le  p o t e n t i a l  energy o f  spr ing  increases. That 
causes the  frequency t o  increase and a l so  the  s t roke of motion t o  
decrease. 
It i s  nesessary t o  consider t he  r e a l  heat t r a n s f e r  i n  o rder  t o  ob ta in  
the  good computer simulat ion. The es t imat ion  o f  t he  f low passing through 
the  valve and the  e f f e c t  o f  us ing  spr ing  which has a  non l i n e a r  
c h a r a c t r i s t i c s  are i n t e r e s t i n g  f o r  new design. The frequency o f  the  
p a r t i c u l a r  pulse tube r e f r i g e r a t o r  was very low. The pressure r a t i o  was 
a l s o  small. I n  s p i t e  o f  such condit ions, the  u l t i m a t e  temperature of 
about 200 K was obtained. We suppose t h a t  t he  o r i f i c e  type pu lse  tube do 
no t  r e q u i r e  the  h igh  compression r a t i o  as shown i n  F igure 7  [3]. 
5  Conclusion 
The thermal ly  actuated pu lse  tube r e f r i g e r a t o r  has been operated a t  
t he  temperature of about 200 K. The p o s s i b i l i t y  o f  reaching 100 K has been 
presented under t h e  cond i t i on  o f  a  low pressure r a t i o  (about 1.4) and 
h igh  frequency (about 10 Hz). The p o s s i b i l i t y  o f  t he  h igh  frequency 
operat ion has been suggested by t h e  ca lcu la ted  r e s u l t s  as w e l l  as the  
experimental resu l ts .  Cryogenic r e f r i g e r a t o r s  a re  requ i  red t o  be a  
r e l i a b l e  and a  low cost. This  p a r t i c u l a r  r e f r i g e r a t o r  has a  p o t e n t i a l  
r e l i a b i l i t y  w i t h  a  low cost. To i n v e s t i g a t e  both t h e  e f f e c t  o f  t he  valve 
f l ow  and the  e f f e c t  o f  t he  non-l inear sp r i ng  are  t h e  i n t e r e s t i n g  f o r  new 
design because t h e  motion and t h e  e f f i c i e n c y  depend on both t h e  valve f l ow  
and the  spr ings which promote the  o s c i l l a t i n g  motion. 
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O P T I M I Z A T I O N  OF A PULSE TUBE REFRIGERATOR FOR 
A F I X E D  COMPRESSOR SWEPT VOLUME* 
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This paper discusses experiments which were done t o  
determine the  minimum temperature and t h e  maximum re f r ige ra t ion  
power ava i l ab le  wi th  an o r i f i c e  pulse tube  r e f r i g e r a t o r  driven 
by a compressor with a f ixed  swept volume of 25 cm3. The 
frequency of the  compressor motion could be varied between 10 
and 25 Hz. Only screen regenerators  were s tudied  but severa l  
mesh s i z e s  and regenerator  volumes were used. The screen 
mater ia ls  tested were phosphor bronze, s t a i n l e s s  steel, and 
nylon. Three d i f f e r e n t  pulse tube volumes were invest igated 
f o r  most regenerators.  The lowest temperatures achieved were 
about 67 K with t h e  following conditions: pulse tube volume of 
7.9 cm3, regenerator  gas volume of 9.2 cm3, regenerator  screen 
of 250 mesh s t a i n l e s s  steel, frequency of 10-15 Hz, and average 
pressures of 1500-2000 kPa. These optimum volumes resul ted  i n  
a pressure r a t i o  of about 1.3. A net  r e f r ige ra t ion  power of 
about 2 W a t  80 K could be achieved with those conditions. 
Canparisons with theory and d e s i e  guidel ines are discussed. 
1. Introduction 
' 
T h e  pulse tube r e f r i g e r a t o r  is a va r i a t ion  of  the  S t i r l i n g  refriger- 
a t o r  [ I ]  with the  advantage t h a t  the moving d i sp lace r  is eliminated. The 
r e s u l t  is less vibra t ion  at the  co ld  end and a po ten t i a l  f o r  increased 
r e l i a b i l i t y .  A s i n g l e  s t age  S t i r l i n g  r e f r i g e r a t o r  achieves 40-50 K with 
no load. A t  present the  best no-load temperature achieved with a s i n g l e  
s t age  pulse tube r e f r i g e r a t o r  is 60 K [2]. This temperature was achieved 
with an  o r i f i c e  pulse tube [2,3] that was not f u l l y  optimized. A la rge  
labora tory  compressor with a swept volume of 290 cm3 was used i n  those 
experiments. The i n t r i n s i c  cooling e f f i c i ency  of  the  o r i f i c e  pulse tube 
i t s e l f  is near ly  as hi@ as t h a t  of  a S t i r l i n g  cyc le  expansion space [41. 
The objec t  of our experiments was t o  start with a much smaller  
compressor of t h e  type  t y p i c a l l y  used f o r  a s p l i t  S t i r l i n g  cryocooler and 
determine t h e  lwest temperature and maximum r e f r i g e r a t i o n  power t h a t  can 
be achieved with t h i s  f ixed canpressor volume. From these  s t u d i e s  design 
*Research funded by NASA/Ames Research Center. 
Contr ibution of t h e  National .Bureau of Standards, no t  subjec t  t o  copy- 
right. 
guidelines regarding the optimum regenerator  and pulse tube s i z e s  could 
be generated. The o v e r a l l  system eff ic iency is not optimized i n  such an 
approach and was not s tudied i n  any d e t a i l .  
2. Theory 
Figure 1 shows a schematic of the  o r i f  ice pulse tube r e f r i ~ r a t o r .  
Previous experiments [51 have shown t h a t  i n  the  o r i f i c e  pulse tube, heat 
t r ans fe r  between the  gas and the  wall is detr imental  t o  t h e  performance. 
The bas ic  pulse tube (no o r i f i c e ) ,  however, r e l i e s  on heat t r a n s f e r  t o  
achieve a proper phase s h i f t  between t h e  pressure and t h e  mass flow r a t e .  
I n  the  o r i f i c e  pulse tube the  proper phase s h i f t  is brought about by the  
addi t ional  expansion of the gas i n  t h e  pulse tube due t o  gas flow out  
through t h e  o r i f i c e  and the  compression caused when gas flows back i n t o  
the pulse tube. The gas pressure i n  t h e  r e s e r v o i r  volume remains a t  the 
average pressure, Po, whereas the  pressure i n  the  pulse tube var ies  







Figure 1. Schematic o f  the  o r i f i c e  pluse tube r e f r i g e r a t o r .  
The model we choose assumes the  gas i n  t h e  pulse tube is ad iaba t i c  
with heat t r ans fe r  .occurring only i n  the heat exchangers a t  the hot and 
cold ends of the  pulse tube. In  addi t ion ,  the  model assumes that  the 
dynamic pressure and temperature a r e  sniall cpmpared with the average 
values. With such small var ia t ions-  w e  can assume tha t  the var ia t ions  i n  
t h e  mass flow r a t e ,  Dresswe. and temperature a r e  sinusoidal.  Some 
d e t a i l s  of t h i s  harmonic model bave 
various void volumes are considered 
ca lcula ted  t o  be 
been discussed previously [63. When 
t h e  gross re f r ige ra t ion  power is 
where w is the  angular frequency, Tc is the cold  end temperature, Po is 
the  average pressure, Vco is t h e  compressor swept volume, T o  is the  
average temperature of the gas i n  t h e  compressor, and (V/TIeff is the sum 
of t h e  e f f e c t i v e  volume-to-temperature r a t i o s  of a l l  t h e  volumes i n  the  
system including the pulse tube and compressor volumes. For t h e  pulse 
tube, t h a t  r a t i o  should be Vt/YTc, where t h e  s p e c i f i c  heat r a t i o  Y is 
included because of the  ad iaba t i c  behavior i n  t h e  tube. 
With the  addi t ional  assumption t h a t  most of the temperature gradient  
within the  pulse tube occurs i n  the  center  one-third of the  gas t h a t  must 
always remain i n  t h e  tube a s  a buffer  between the  hot and cold ends, the 
model gives the  optimum pllse tube volume a s  
For Tc = 70 K and Tco = 350 K ,  we have Vt/Vco = 0.42. The optimum 
regenerator volume is not calculated by t h i s  model s ince  it assumes a 
perfect  regenerator. 
3. Experimental Apparatus 
Figure 2 is a photograph of  t h e  pulse tube r e f r i g e r a t o r  used f o r  
these experiments. The crank driven compressor has two opposed pistons 
t o  decrease v ibra t ion.  The t o t a l  swept volume is 25 cm3. Measurements 
made with known isothermal volumes suggest t h e  e f f e c t i v e  swept volume is 
about 22.3 cm3 due t o  some leakage by the  f i l l e d  Teflon piston r ings.  
This compressor was o r i g i n a l l y  b u i l t  f o r  a two-stage s p l i t  S t i r l i n g  
re f r ige ra to r  t o  provide 1 W a t  25 K. The operat ing frequency was wried 
between 10 Hz and 25 Hz with a var iable  frequency power supply. The hot 
ends of t h e  pulse tube and t h e  regenerator  were bolted t o  a large  alumi- 
num base using a lead gasket to provide a seal. This arrangement made it 
easy t o  remove one pulse tube o r  regenerator and replace it with a d i f fe r -  
en t  one. The cold ends of t h e  regenerator and pulse tube were connected 
with a 3 mm 0.d. x 0.4 mn wall s o f t  copper tube., Copper screens placed 
i n  the  cold end of t h e  regenerator const i tu ted  t h e  cold heat  exchanger. 
About 30 copper screens of 80 mesh were placed i n  t h e  copper reducing 
Regenerator \ 
Pulse ~ u b e /  





Figure 2. Photograph of pulse tube r e f r i g w a t o r -  
f i t t i n g  a t  the  cold end of the pulse tube t o  provide f o r  flow straighten- 
ing. Without the flow s t ra ighteners  the temperature could be 10-15 K 
higher. The hot heat exchanger was made with 80 mesh copper screen and 
occupied about 101% of the pulse tube volume. A valve with a 1.4 mm or i -  
f i c e  was used for the  o r i f i c e  and the  reservoir  volume was 500 cm3. 
'Small piezoresist ive pressure transducers measured the gas pressure 
near the compressor, a t  the  hot end of the  pulse tube, and i n  the  reser- 
voir  volume. The pressure i n  the  reservoir  volume var ies  only s l i g h t l y  
and was measured sometimes t o  determine the  mass flow rate, &, through 
the o r i f  ice. A comnercial diode thermaneter accurate t o  a 1 K was bolted 
t o  a copper bracket soldered t o  the  cold end of t he  regenerator. A 
heater was a l so  attached t o  the  same copper bracket. About 5 layers of 
aluminized polyester were wrapped around the  cold parts before bolt ing on 
the vacuum can and evacuating t o  a pressure of 1 0m3 Pa (1 0' t o r r  1. 
Heat diss ipat ion fm the compressor housing and the  two cylinders 
was aided by fans  tha t  directed air over t he  fins. Heat diss ipat ion from 
the hot end of the pulse tube was by conduction through the  copper screen 
and in to  the  copper block i n  which the  screens were pressed. From the 
copper block the heat was conducted through the  lead gasket t o  the alumi- 
num base and the  frame of the  compressor. No f i n s  o r  fans were used t o  
enhanced the heat d i s s ipa t ion  from the  pulse tube. A s  a r e s u l t  the a l m i -  
num base was usual ly  a t  a temperature of 40-45 O C  during normal operation 
of the  r e f r i g e r a t o r .  We est imate t h a t  a base temperature of 25 O C  would 
have lowered the  pulse tube  cold  end temperature by about 5-8 K .  
Void volumes associa ted  w i t h  the  compressor and connecting tubes a r e  
as follows: Clearance volumes within each cyl inder ,  2 cm3; connecting 
tube volume from compressor t o . h o t  end o f  regenerator ,  3.83 cm3. The 
t o t a l  ex te rna l  void volume is then 7.83 cm3. That void volume is f a i r l y  
l a rge  fo r  a compressor swept volume of 25 cm3 and resu l t ed  i n  low 
pressure r a t i o s  and reduced r e f r i g e r a t i o n  power. 
4. Description of Regenerators, Pulse Tubes, and Experimental 
Conditions 
Most regenerators were constructed o f  s t a i n l e s s  s t e e l  screen,  though 
some used nylon screen. A few preliminary measurements were done e a r l y  
i n  the  program with 150 mesh phosphor bronze screen.  A lowest tempera- 
t u r e  of 138 K was achieved with the  phosphor bronze screen regenerator,  
which was replaced wi th  s t a i n l e s s  steel. The s t a i n l e s s  steel screen pro- 
duced much lower temperatures due t o  t h e  reduced canduction loss .  Table 
1 lists the  c h a r a c t e r i s t i c s  of  the  regenerators  s tudied.  Figure 3 is a 
p lo t  of t h e  regenerator  void volume and mesh s i z e  used i n  these  s tud ies ,  
though regenerator  VIII, which used combinations of  s i z e s ,  is not shown. 
Various lengths  and diameters were used t o  minimize t h e  sum of the  l o s s  
terms due t o  t h e  conduction, imperfect regenerator ,  and pressure drop. 
Almost a l l  the  pulse tubes tested were t h i n  walled s t a i n l e s s  steel 
tubes with an ou te r  diameter of 9.53 rnm and a wall thickness of 0.254 mm. 
Only the  length was varied t o  obta in  d i f f e r e n t  volumes f o r  the pulse tube. 
Generally the  pulse tube volumes varied from 5 cm3 t o  12.5 cm3. For a 
frequency of  10 Hz the  thermal penetrat ion depth i n  a semi-infini te  s l a b  
Table 1 . Regenerators Tested 
wall wall screen screen void 
I material* L O.D. thickness material mesh porasity volume 
(m> (mn) (rm ) (an3) 
I S.S. 127 12.7 0.254 3.9. 150 0.69 10.2 
I I S.S. 76 12.7 0.254 9.5. 150 0.69 6.1 
I11 S.S. 100 15.9 0.30 9.3. 200 0.63 10.2 
IV 9.9. 127 15.9 0.30 S.S. 200 0.63 14.63 
V 9.9. 178 15.9 0.30 S.S. 200 0.63 20.5 
VI 0 1 0  28 14.3 0.78 nylon 21 0 0.56 2.0 
V I I  5 1 0  89 18.2 0.78 3.9. & nylon 200 & 210 0.58 11.3 
250 & 210 
VIII G-10 69 20.7 0.82 S.S. & nylon 200 & 210 0.60 11.7 
150 & 140 
IX 0 1 0  68 18.2 0.78 S.S. 250 0.62 9.2 
'3.3. = stainless steel 
0 'O - o St.iniess Steel E 
0 A Nylon 
a Combination 
1 5 -  0 
= 
SCREEN MESH SIZE 
Figure 3. Void volumes and mesh s i z e  used i n  the  regenerators. 
of helium gas is about 0.8 m a t  1 MPa and 300 K. I t  is l e s s  f o r  lower 
temperatures, higher pressures, and higher frequencies. We conclude tha t  
in  a l l  of our experiments the pulse tubes behaved nearly l i k e  adiabatic 
tubes. 
Most regenerators were tes ted  with d i f fe ren t  s i ze s  of pulse tubes. 
For each pulse tube the performance was measured with a t  l e a s t  3 differ-  
ent frequencies. For each frequency the o r i f i c e  opening was varied i n  
order t o  achieve the  lowest temperature f o r  a given refr igerat ion power. 
The refr igerat ion powers were measured generally up t o  a maximum tempera- 
t u r e  of 160 K and ranged from 0 W t o  9 W. For each run the  maximum and 
minimum i n  the pressure o sc i l l a t i on  were recorded a t  two points: before 
the  regenerator ( a f t e r  the  canpressor) and a f t e r  the  regenerator ( a t  the 
hot end of the pulse tube). The r a t i o  of maximum t o  minimum pressure i n  
the pulse tube varied between 1 .12 and 1.75 i n  these experiments. 
For a perfect regenerator the  optimum pllse tube s i z e ,  according t o  
theory, depends only on the  compressor swept volume and the  temperatures 
of the pulse tube and compressor. For imperfect regenerators the optimum 
pulse tube s i ze  w i l l  be reduced i n  order t o  lower t he  regenerator l o s s  
term caused by the large m a s s  flow passing through the  regenerator and on 
t o  the  pulse tube. A smaller pulse tube reduces the  mass flow through 
the regenerator. 
5. Results  and Discussion 
5.1 Regenerator I 
This regenerator  was used with a pulse tube of 7.0 cm3. Various 
average pressures were used a t  each of th ree  d i f f e r e n t  frequencies t o  
determine the  best  pressure f o r  t h i s  series of measurements. The r e s u l t s  
a r e  shown i n  Figure 4. Only the  no-load temperatures were measured. The 
best  pressure according t o  Figure 4 is 1500 kPa. This pressure was used 
f o r  t h e  r e s t  of t h e  regenerators  except f o r  regenerator  I X  when the 
pressure was varied again. The lwest no-load temperature was 82 K a t  a 
frequency of  15 Hz. 
5.2 Regenerator I1 
To search fo r  the  optimum regenerator  s i z e  some change i n  s i z e  was 
made and the  change i n  performance noted. Regenerator I1 was made 
s n a l l e r  than Regenerator I by reducing the  length from 127 mn t o  76 mrn. 
Pulse tube volumes of 5 cm" 7 em3, and 9 cm3 were t e s t e d  with t h i s  regen- 
e r a t o r .  The lowest no-load temperature was 94.6 K a t  10 Hz with the  7 
cm3 pulse tube. Since t h e  optimum frequency was less than t h a t  with 
Regenerator I the  r e s u l t s  suggest the  regenerator  loss term is r e l a t i v e l y  
l a r g e  and o f f s e t s  the  increased r e f r i g e r a t i o n  due t o  the  higher przssure 
r a t i o .  
I \ Regenerator I Pulse Tube 7 cm3 Refrigeration Power 0 W 
8 0 l - ' . . ' - ' - " I  
800 1000 1200 1400 1600 1800 
AVERAGE PRESSURE, kPa 
90 
Figure 4. Variat ion o f  temperature wi th  average pressure fo r  7 cm3 
pulse tube wi th  Regenerator I. 
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A - - 
5.3 Regenerator 111 
Approximate ca lcula t ions  showed t h a t  the  conduction loss with Regen- 
e r a t o r  I was not dominant. To decrease t h e  regenerator l o s s  term, 200 
mesh screen was used for  Regenerator I11 instead of  150 mesh used previ- 
ously. The diameter was increased and the  length  shortened t o  keep the  
volume and t h e  pressure drop about the  same as with Regenerator I. Pulse 
tube volumes of 5 cm3, 7 cm3, 7.85 cm3 and 9 cm3 were used. Figure 5 
shows the l i n e a r  behavior of r e f r i g e r a t i o n  power on temperature f o r  var i -  
ous o r i f i c e  s e t t i n g s .  The optimum o r i f i c e  opening increases with increas- 
ing  r e f r i g e r a t i o n  power. The pulse tube wi th  7.85 cm3 gave t h e  lowest 
no-load temperature of 71 K. Figure 6 shows how t h e  temperature var ies  
wi th  frequency fo r  d i f f e r e n t  loads using the 7.85 cm3 pulse tube. 'ke 
optimum frequency va r i e s  from 15 Hz f o r  0 i.J t o  20 Hz a t  3 W. A t  the 
higher temperatures t h a t  occur when a load is applied t h e  regenerator 
l o s s  term is not a s  important, s o  higher frequencies can be used t o  
increase t h e  r e f r i g e r a t o r  power. 
Figure 7 shows how the temperature va r i e s  with pulse tube volume f o r  
various loads and frequencies. With no load at  71 K t h e  optimum pulse 
tube volume is 7.85 em3, o r  Vt/Vco = 0.35. This r e s u l t  is i n  f a i r  agree- 
ment with t h e  value 0.43 ca lcula ted  from eq. (2 )  with T o  = 350 K. The 
s l i g h t l y  l m e r  experimental value is expected because of  the  regenerator  
l o s s  term. A t  94 K with 2 W r e f r i g e r a t o r  power the optimum pulse tube 
volume is about 9 cm3, which gives Vt/Vco = 0.40. Equation -' 
Vt /Vco  = 0.56. 
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Figure 5. Refrigerat ion power of 7 cm3 pulse tube and Regenerator I11 
f o r  various o f i f i c e  s e t t i n g s .  
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Figure 6. Temperature vs. frequency for  di f ferent  loads with 7.85 cm3 
pulse tube and Regenerator 111. 
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Temperature vs. pulse tube volume for  Regenerator 111. 
The pressure r a t i o  a t  71 K wi th  the  7.85 cm3 pulse tube was 1.27 i n  
the pulse tube and 1.47 near  the  compressor. These r a t i o s  increased t o  
1.32 and 1.51 a t  94 K with 2 IJ power applied.  
5.4 Regenerator IV 
Regenerator 111 produced good r e s u l t s .  We then decided t o  increase  
only the  length;  t h i s  would decrease conduction and t h e  regenerator  l o s s ,  
but a t  the expense of  g rea te r  void volume and pressure drop. Regenerator 
I V  was made 27% longer than Regenerator 111. The bes t  no-load tempera- 
t u r e  was 81.3 K a t  15 Hz with a 7.35 cm3 pulse tube volume. Regenerator 
I11 gave 71 K at no load. I t  is in te res t ing ,  however, t h a t  even with a 
pressure r a t i o  of 1.16 a no-load temperature of 105 K was reached wi th  a 
1 1 .35 cm pulse tube volume a t  20 Hz. 
5.5 Regenerator V 
This regenerator  was made longer than Regenerator I V  even though 
Regenerator I V  d id  not perform as well as Regenerator 111. The ob jec t  of 
the tests with t h i s  regenerator  were t o  s tudy the  performance a t  low 
pressure r a t i o s .  The best no-load temperature was 81 K with a 12.5 cm3 
pulse tube  a t  10 Hz. The pressure r a t i o  was 1.19. A t  20 Hz a no load 
temperature of  88 K was achieved wi th  a pressure r a t i o  of 1.14. 
5.6 Regenerator V I  
This regenerator  w a s  made with a volume much less than the  o t h e r s  t o  
inves t iga te  the behavior i n  t h i s  region. Because of the s h o r t  length ,  
conduction would be f a i r l y  l a r g e ,  s o  w e  decided t o  use nylon screen and 
0 1 0  fiberglass-epoxy f o r  t h e  tube. The void volume was only  2.0 em3. 
The lmest no-load temperature was 104 K a t  10 Hz with a 7 cm3 pulse 
tube. The pressure r a t i o  was 1 .47. We observed t h a t  nylon screen 
appears t o  give a higher pressure drop than does s t a i n l e s s  steel screen.  
We are inves t iga t ing  th is  e f f e c t  fu r the r .  The low frequency of 10 Hz 
where t h e  optimum occurred is ind ica t ive  of a l a rge  regenerator  loss 
term. 
5.7 Regenerator V I I  
This regenerator  a l s o  used a G.10 fiberglass-epoxy tube,  but  the 
packing w a s  a l t e r n a t e  l a y e r s  of 200 mesh stainless s t e e l  and 210 mesh 
nylon, The a l t e r n a t i n g  nylon l aye r s  tend t o  reduce t h e  thermal conduc- 
t i o n  of the  packing, and the r i g i d i t y  o f  t h e  stainless prevents  the nylon 
from packing together  too  t i g h t l y  and increasing the  pressure drop. The 
void volume was about the same as Regenerator I11 but t h i s  regenerator  
was shor te r  and l a r g e r  i n  diameter. 
Only a 7.85 cm3 pulse tube was t e s ted  with t h i s  regenerator. The 
lowest no-load .temperature of 71 K was achieved a t  15 Hz with a pressure 
r a t i o  of 1.259. The same pulse tube volume with Regenerator III gave the 
same temperature but with a pressure r a t i o  of 1 .267. 
Regenerator VIII 
This regenerator used a G I 0  tube and was packed w i t h  d i f fe ren t  mesh 
s izes .  The f i n e  mesh (250 mesh s t a i n l e s s  + 210 mesh nylon) was used fo r  
the coldes t  
18 m. The next  34 m were packed w i t h  medium mesh (200 s t a i n l e s s  + 21 0 
mesh nylon) and the  17 mm on the  hot  s i d e  were packed with course mesh 
(1 50 s t a i n l e s s  + 140 mesh nylon). This grading of  mesh s i z e  was t o  make 
use of the  f a c t  t h a t  the  majori ty of the  pressure drop occurs near the 
hot end of the  regenerator where the  v i scos i ty  is highest  and t h e  densi ty 
is lawest. 
Only a pulse tube  volume of 7.85 was t e s t e d  with t h i s  regenerator. 
A temperature of 77 K was reached with 15 Hz. The pressure r a t i o  was 
1.292. Regenerator 111 had a s l i g h t l y  higher pressure drop a t  t h i s  same 
temperature. The poorer performance of Regenerator VIII is a t t r i b u t e d  t o  
a lower heat t r a n s f e r  coef f i c ien t  caused by the  lower Reynolds number i n  
the  l a rge r  diameter. 
5.9 Regenerator I X  
Since nylon screen d id  not Sean t o  improve the  performance of the  
regenerators,  we went back t o  using s t a i n l e s s  s t e e l  screen f o r  t h i s  regen- 
e ra to r .  This time a mesh s i z e  o f  250 was used. With t h e  f i n e r  mesh a 
l a r g e r  diameter had t o  be used t o  keep the  pressure drop frcm being too 
large .  A G I 0  tube was used t o  reduce thermal conduction i n  t h e  regener- 
a to r .  The void volume was about 21% smaller than t h a t  of Regenerator 111 
and the e f f e c t i v e  surface  a rea  was about 5% greater .  
A pulse tube volume of  7.85 cm3 was used wi th  t h i s  regenerator. A 
no-load temperature of 69 K was achieved at 15 Hz and 1400 kPa pressure, 
This r e s u l t  is s l i g h t l y  b e t t e r  than that achieved wi th  t h e  previous regen- 
e r a t o r s  and may be due t o  t h e  reduced conduction i n  the  G-10 wall and a 
s l i g h t l y  lwer regenerator l o s s  term. Additional measurements were made 
a t  1 000 kPa, 1600 kPa, and 2000 kPa. Figure 8 shows the temperature a s  a 
function of frequency f o r  a pressure of  2000 kPa. With t h e  higher 
pressure t h e  optimum frequency is reduced. A t  no load, 11 Hz is the  bes t  
frequency; at 5 W a frequency of 16 Hz is best. The lawest no-load 
temperature of 67 K at 9 Hz f o r  2000 kPa was the  lowest temperature 
achieved i n  these  experiments. A t  15 Hz about 2 W of net r e f r ige ra t ion  
were achieved a t  80 K. 
Figure 9 smws t h e  temperature a s  a f m c t i o n  of pressure. Note tha t  
2000 kPa may be best f o r  t h e  no load case, but higher pressures would be 
better f o r  the higher loads. Overheating of t h e  compressor prevented us 
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Figure 9. Temperature vs. pressure f o r  7.85 cm3 pulse  tube 
and Regenerator I X .  
6. Conclusions 
We have found t h a t  the  bes t  pulse tube s i z e  fo r  minimum temperatures 
with t h i s  compressor is about 7.85 cm3, which corresponds t o  Vt/Vco = 
0.35. A t  94 K the  value becomes V t / V c o  = 0.40. These r e s u l t s  a r e  only 
s l i g h t l y  lower than t h e  ca lcula ted  values of 0.43 and 0.56. The d i f fe r -  
ence is presumably due t o  regenerator  losses .  
S t a i n l e s s  steel is a much b e t t e r  screen mater ia l  f o r  the  regenerator 
than phosphor bronze because of reduced conduction. Nylon does not 
appear t o  be an improvement over s t a i n l e s s  s t e e l .  A mesh s i z e  of 250 
gave the  best  performance, but only with a C 1 0  tube t o  reduce tube con- 
duction i n  the  s h o r t  length  required fo r  t h e  f i n e  mesh. A regenerator 
void volume of about 9.2 cm3 gave the  best  performance. I n  reduced u n i t s  
we f ind  Vr /Vco = 0.41. This void volume app l i e s  only t o  a screen matrix. 
An improve8 configurat ion such as gaps should r e s u l t  i n  a lower regener- 
a t o r  void volume. 
A low temperature of  67 K was achieved a t  9 Hz with 2000 kPa, and 2 
W of r e f r ige ra t ion  a t  80 K were obtained a t  15 Hz with th'e same pressure. 
Further improvements could be made by lowering the  hot end temperature 
from 40-45 O C  to about 25 O C  by the use of  f i n s  and a fan. 
We acknowledge t h e  generous contr ibution made by Hughes Aircraf t  
Cmpany, Torrance, Cal i fornia ,  f o r  providing the  compressor t o  us on a 
long 
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1 I n t r o d u c t i o n  
The lowest  a t t a i n a b l e  temperature o f  t h e  pu lse  tube r e f r i g e r a t o r  i s  
g r e a t l y  improved b y  use o f  an o r i f i c e  and b u f f e r  volume [1,2]. However 
t h e  r e f r i g e r a t i o n  power pe r  u n i t  mass f l o w  i s  s t i l l  smal l  i n  comparison t o  
t h a t  o f  S t i r l i n g  o r  G-M coolers .  The smal l  r e f r i g e r a t i o n  power per  u n i t  
mass f l o w  induce t he  low o v e r a l l  performance as t h e  c ryocoo le r  due t o  the  
h i g h  regenerator  l o s s  and t h e  mechanical l o s s  o f  t he  compressor system. 
Th i s  paper descr ibes t h e  a l t e r n a t i v e  methods t o  t h e  o r i f i c e  pu lse  
tube r e f r i g e r a t o r  f o r  t h e  purpose o f  t h e  improvement o f  t he  r e f r i g e r a t i o n  
power pe r  u n i t  mass f l o w  ra te .  
2 Fundamental Model 
According t o  t he  works developed by  Radebaugh and coworkers, i t  i s  
known t h a t  t h e  r e f r i g e r a t i o n  capac i t y  o f  t h e  o r i f i c e  pu lse  tube increased 
as compared w i t h  t h a t  o f  bas i c  pu lse  tube [3] .  
As one o f  t he  reason o f  t h i s  e f f e c t ,  we considered t h e  pressure drop 
due t o  t h e  mass f l o w  across t h e  o r i f i c e .  The gas compression work must be 
increased when t h e  mass f l o w  e x i s t  a t  t h e  o r i f i c e .  Th is  increased work i s  
d i s s i p a t e d  a t  t h e  h o t  end o f  t h e  pu l se  tube, which may induce t h e  
increased r e f r i g e r a t i o n  capac i t y  a t  t h e  c o l d  end o f  t h e  pu lse  tube. 
As an a l t e r n a t i v e  method, which may a l s o  d i s s i p a t e  t h e  gas compression 
work a t  t h e  h o t  end o f  t he  pu l se  tube, we in t roduced t he  moving p l ug  
i ns tead  o f  t h e  o r i f i c e  as shown i n  f i g u r e  1. The d i f f e r e n c e  between t h i s  
moving p l u g  and t h e  expander o r  d i s p l a c e r  o f  S t i r l i n g  o r  G-M c y c l e  i s  t h a t  
t h e  moving p l u g  i s  operated a t  t h e  room temperature. The movement of the  
p l u g  must be c o n t r o l l e d  as i t  produce t h e  optimum phase s h i f t  between t h e  
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Fig.1 Schematic of  pu l se  tube. 
Typ i ca l  c o n t r o l 1  methods a re  g iven  i n  f i g u r e  2,schematical ly.  A p a i r  
o f  check va lves i ns tead  of moving p l u g  i s  a l s o  app l i cab le  as shown i n  
f i g u r e  2(d). I n  t h i s  case, t h e  gas compression work may be d i s s i p a t e d  by 
t h e  c i r c u l a t i n g  gas f l o w  obta ined a t  t h e  h o t  end of  t h e  pu l se  tube, which 
i s  c o n t r o l l e d  b y  a  va l ve  i n s t a l l e d  between these check valves. 
A t  f i r s t ,  we considered t h e  o r i f i c e  pu l se  tube. The s i nuso ida l  change 
o f  t h e  compressor volume, Vc, i s  g iven  as, 
where, Vco i s  t h e  maximum compressor volume, f i s  c y c l e  frequency and t i s  
t ime. Assuming t h e  i d e a l  gas and no pressure drop across t h e  regenerator,  
cons tan t  volumes i n c l u d i n g  t h e  regenera to r  void, pu l se  tube and t h e  h o t  
end volume a re  summarized t o  an equ i va len t  volume, Veq, which g i ves  t h e  
same t o t a l  mass o f  t h e  work ing gas a t  300 K. The mass f l o w  r a t e  a t  the  
o r i f i c e ,  mb, i s  g iven  as 
where P i s  t h e  pressure a t  t h e  pu l se  tube, Pb i s  t h e  pressure a t  t h e  
b u f f e r  volume and t h e  cons tan t  a i s  assumed which may p r o p o r t i o n a l  t o  t he  




n L i n e a r  D r i v e r  Check Valves  
Fig.2 Typ ica l  c o n t r o l 1  methods of t h e  moving plug. 
where, R i s  gas constant,  Po i s  i n i t i a l  pressure Vb i s  b u f f e r  volume and T 
i s  t h e  equ i va len t  temperature (= 300 K). 
Equations (1)%(4) were so lved by Runge-Kutta method. F igure  3  shows 
one of  t h e  c a l c u l a t e d  r e s u l t s .  A f t e r  two cycles, we g e t  almost s t a b l e  
o s c i l l a t i o n s .  It i s  noted t h a t  t h e  o s c i l l a t i o n  o f  mb and P i s  almost i n  
phase where t h e  values of  parameters 1  i s t e d  on f i g u r e  3 a re  used. If the  
i nc reas ing  en t ropy  caused by t h e  pressure drop a t  t h e  o r i f i c e ,  due t o  t he  
mass f l o w  t o  and from t h e  b u f f e r  volume, i s  g iven  by  t he  isothermal  
compression work, t h e  f o l l o w i n g  equat ion w i l l  be der ived. 
The t ime  i n t e g r a t i o n  of Qb through one c y c l e  may def ined as the  equ iva len t  
work a t  t h e  o r i f i c e .  
F igure  4  shows t h i s  equ i va len t  work, Qb, mass f low a t  t h e  o r i f i c e  and 
pressure r a t i o  a t  t h e  pu lse  tube. Inc reas ing  o r i f i c e  opening increase t he  
mass f l o w  and decrease t h e  pressure r a t i o .  As t he  resu l t s ,  maximum Qb i s  
appeared. 
Figure  5 shows t h e  r e l a t i o n  between mb and Qb. Th i s  f i g u r e  a l s o  
shows t he  same r e l a t i o n  o f  t h e  moving p l ug  pu lse  tube, which i s  der i ved  as 
fo l lows .  Consider t he  s i nuso ida l  change of t h e  moving plug, V,, 
Vm = 0.5 Vmo [ 1 + cos (2T f t+e ) ] .................... ( 6 )  
where Vmo i s  maximum volume and.9 i s  t h e  phase s h i f t  angle between V, and 
Vc  o f  equat ion (1). The pressure equat ion ins tead  o f  equa t ion  ( 3 )  and ( 4 )  
i s  expressed as, 
The c y c l i c  i n t e g r a t i o n  o f  P dVm us ing  equat ion ( I ) ,  ( 4 )  and ( 7 )  g ives  t h e  
work ex t rac ted  from t h e  moving plug, Q,. The curve i n  f i g u r e  5 was 
obta ined f o r  t h e  v a r i a b l e  Vm0 when t h e  gT/2. 
I n  comparison w i t h  t h e  moving p l u g  and o r i f i c e  pu lse  tube, i t  i s  
noted t h a t  t h e  Q/m of t h e  moving p l u g  i s  g r e a t e r  than t h e  o r i f i c e  , 
however, i t  i s  almost same when t h e  r e l a t i v e l y  smal l  opening o f  t he  
o r i f i c e  o r  smal l  d isplacement of t h e  moving p l u g  has been used. 
A / Parameters: 
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Fig.3 Pressure and mass f l o w  t r a c e  o f  t h e  o r i f i c e  pu l se  tube 
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Fig.4 Equ iva len t  work a t  t h e  o r i f i c e .  Fig.5 Comparison o f  Q/m. 
3 Experimental Resul ts  
The experiments have been done by t h e  apparatus as shown i n  f i g u r e  6 
schemat ica l ly .  The o s c i l l a t i n g  pressure was supp l ied  by t h e  sw i tch ing  
va lves and t h e  compressor f o r  t h e  G-M c y c l e  cryocooler .  The pu lse  tube i s  
a  s t a i n l e s s  s t e e l  tube of  11 mm I.D., 0.5 mm th ickness and 228 mm length.  
The copper isothermal  r eg ion  of  11 mm I.D. and 40 mm leng th  was at tached 
a t  t h e  h o t  end o f  t h e  pu l se  tube. I n s i d e  of t he  isothermal  region, no 
hea t  t r a n s f e r  m a t e r i a l s  such as copper screen a r e  i n s t a l l e d .  The water 
c o o l i n g  channel was so ldered a t  t h e  isothermal  region. A t h r o t t l e  va lve  
as t h e  o r i f i c e  o r  a  volume f o r  t h e  moving p l u g  was connected by t h e  copper 
tube o f  2 mm I.D. and 180 mm length.  The regenerator  i s  a  stacked 200 
mesh copper screen o f  36 mm diameter and 125 mm length. 
F i gu re  7 shows t h e  exper imental  r e s u l t s  obta ined by  a same pu lse  tube 
w i t h  d i f f e r e n t  h o t  end cond i t ion .  I n  case of bas ic  pu lse tube, minimum 
temperature o f  163 K was obta ined a t  t h e  c y c l e  frequency of 3.5 Hz. The 
optimum o r i f i c e  opening decrease t h e  minimum temperature down t o  78 K w i t h  
i nc reas ing  frequency o f  6.5 Hz. On t h e  o the r  hand, t h e  minimum 
temperature o f  t h e  pu l se  tube w i t h  t h e  moving p l u g  was 73 K a t  10 Hz. 
Th i s  p l u g  was made by  t h e  pheno l i c  r e s i n  o f  20 mm l eng th  having two 
cap sea ls  and was i n s t a l l e d  i n  t he  s t a i n l e s s  s t e e l  tube o f  14 mm I.D.. 
The maximum displacement volume i s  4.6 cm3 which i s  17 % o f  t h e  pu lse tube 
volume i n c l u d i n g  t h e  isothermal  region. The displacement t ransducer  was 
at tached a t  t h e  p l u g  end. The pressure o f  t h i s  s i d e  o f  t h e  p l u g  end i s  
Intake Exhaust 
v a l v e  v a l v e  
'e transducer 
R e s e r v o i r  
Fig.6 Schematic of test apparatus. 
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Fig.7 Refrigeration performance. 
maintained at the mean pressure of the oscillating pressure in the pulse 
tube. The friction force of the cap seals was used as the phase shifter 
of the plug. The actual displacement volume of the plug at 10 Hz was not 
obtined at the full stroke condition and was decreased to 3.4 cm3. 
Dur ing t he  experiment o f  t he  moving p l ug  pu lse tube, t h e  temperature 
o f  t h e  isothermal  r eg ion  has been maintained near room temperature w i t hou t  
c o o l i n g  water.' Th is  r e s u l t  i n d i c a t e s  the  isothermal  r eg ion  may no t  
r equ i red  f o r  t h e  case o f  moving p l u g  pu lse  tube. 
F igure  8  shows t h e  pressure waves of t h e  o r i f i c e  type  and f i gu re  9 
shows t h e  pressure wave and p lug  movement o f  the  moving p l ug  type when t he  
c o l d  end temperature was minimum. I n  the  case of t h e  o r i f i c e  type, t he  
pressure r a t i o  was 1.49 and t h e  maximum pressure d i f f e r e n c e  a t  t he  b u f f e r  
volume was 0.012 MPa. t h e  mean pressure was 1.8 MPa. Assuming the  
isothermal  cond i t ion ,  t h e  mass f l o w  a t  t h e  o r i f i c e  w i l l  be 0.019 g/cyc le  
o r  0.12 g/sec. I n  t h e  case o f  t he  moving p l u g  type, t he  pressure r a t i o  
was 1.27 and t h e  mean pressure was 1.7 MPa. The phase angle, , between 
t he  pressure and t h e  p l u g  displacement was about 52 degrees. Using these 
values, t he  mass f l o w  increased by t he  moving p l u g  was c a l c u l a t e d  below 
about 0.01 g j c y c l e  o r  0.1 g/sec. 
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Fig.8 Pressure wave o f  
o r i f i c e  pu l se  tube. 
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Fig.9 Pressure wave o f  
moving p l u g  pu lse  tube. 
F i gu re  10 shows t h e  r e l a t i o n  between t h e  pressure r a t i o  and t he  
minimum a t t a i n a b l e  temperature. These r e s u l t s  i n d i c a t e  t h a t  t he  o r i f i c e  
t ype  can be operate w i t h  t h e  lower  pressure r a t i o  than t h e  bas i c  type, and 
t h e  moving p l u g  t ype  can be operate w i t h  f u r t h e r  reduced pressure r a t i o  
compared t o  t h e  o r i f i c e  type. 
I n  t h e  case o f  t h e  moving p l u g  type, t he  maximum frequency o f  10 Hz 
was l immi ted  by  t h e  pressure drop caused by t h e  f low sw i t ch ing  va lve 
( r o t a r y  va l ve  was used). As t h e  r e s u l t s ,  t h e  r a t i o  a t  t h e  pu lse  
tube was decreased t o  1.27 which induce t h e  smal l  displacement o f  t he  
plug. Therefore t h e  p o s s i b l e  opera t ion  a t  t h e  h i ghe r  f requency than 10 Hz 
may n o t  be denied. 
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The reason o f  t h a t  t h e  pu l se  tube r e f r i g e r a t o r  us ing  i d e a l  gas has 
t h e  a b i l i t y  o f  t h e  cryogenic  temperature r e f r i g e r a t i o n  w i l l  be based on 
t h e  su r f ace  heat  pumping e f f e c t  through t h e  pu lse  tube w a l l  which i s  
in t roduced by G i f f o r d  and Longsworth [4]. The pu l se  tube w i t h  o r i f i c e  may 
be considered as t h e  method having t h e  a b i l i t y  o f  enhanced heat  pumping 
e f f e c t .  However t h e  " o r i f i c e "  i s  n o t  an a c t i v e  device. Therefore t he re  
w i l l  be a l i m i t  t o  o b t a i n  t h e  reasonable phase s h i f t  between t h e  pressure 
and t h e  temperature o f  t h e  t o t a l  mass i n  t h e  pu l se  tube. 
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The moving p l u g  i ns tead  o f  o r i f i c e  i s  an a c t i v e  device, t h e r e f o r e  i t  
can be change t h e  phase and t h e  speed o f  t h e  movement independent ly.  The 
moving p l u g  we used f o r  t h i s  exper iment i s  a s imple p l u g  o n l y  having t h e  
cons tan t  seal  f r i c t i o n .  Even though we have obta ined t he  lower minimum 
.temperature than  t h e  o r i f i c e  t ype  w i t h  same pu lse  tube. The q u a n t i t a t i v e  
d i scuss ion  between t h e  c a l c u l a t i o n  and t h e  exper imental  r e s u l t s  i s  n o t  
performed so f a r .  Fu r t he r  experiments us ing  t h e  c o n t r o l l a b l e  moving p l u g  
and t h e  exac t  c a l c u l a t i o n s  should be performed t o  obta ined t h e  performance 
o f  t h e  moving p l u g  pu l se  tube r e f r i g e r a t o r .  
.:Basic p u l s e  tube 
(3.5 Hz) 
* : O r i f i c e  pu lse  tube 
(6.5 Hz) 
w i t h  cons tan t  o r i f i c e  
open i ng 
0 : O r i f i c e  pu lse  tube 
(6.5 HZ) 
w i t h  v a r i a b l e  o r i f i c e  
opening 
l i :Moving p l u g  pu lse  tube 
(7.5 Hz % 10.0 Hz) 
The m e r i t  o f  t h e  s i m p l i c i t y  o f  t h e  pu l se  tube  i s  decreased by adding 
t h e  another  moving par ts ,  however, i t  may n o t  se r ious  problem because t he  
moving components a r e  s t i l l  a t  room temperature. I n  t h e  case o f  t h e  
r e f r i g e r a t i o n  temperature h i ghe r  than about 80 'K, t h e  Type (a)  i n  f i g u r e  2 
has another  m e r i t  t o  improve t h e  o v e r a l l  performance as t h e  r e f r i g e r a t o r ,  
due t o  t h e  recover ing  expansion work done by  t he  moving plug. 
Const ruc t ion  o f  much o f  t h e  apparatus was done by M. Kaneko and i s  
g r e a t l y  appreciated; 
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TWO-STAG3 PULSI;: TUBE E$YRI GkXATOB 
Yuan Zhou, Wenxiu Zhu and Jingtao L i a - a g  
Cryogenic Laboratory, Chinese Academy of Sciences 
Beijing, People's Republic o f  China 
Expel-imen tal investigation of two-s tage pulse tube 
refrigerator has been carried out in our lab recently in order 
to achieve lower temperature. Both stages are composed of the 
same type of orifice pulse tube, they are connected to two 
pressure wave generators separately. The first stage pulse 
tube being 19mm in diameter by 400mm in length, provides 
precooling through two small heat exchangers for the second 
stage pulse tube, being llmm in diameter by 300mm in 
length, the helium gas reservoir for the second stage is 
connected to the hot end of the second stage pulse tube via a 
regenerator and an orifice. The experimental results showing 
the temperature ratio between the two ends of the second stage 
pulse tube versus the pressure swing ratio and the orifice 
flow area in the second stage will be presented in this paper. 
Recently a low temperature of 60K using helium gas in a 
one stage orifice pulse tube has been achieved a NBS, [11 
And the investigation of pulse tube with axial curvature shows 
the possibility of constructing a pulse tube refrigerator 
wi thin a compact space wi th good performance. t 2 1  Because the 
pulse tube refrigerator has no moving part at low 
temperature, i t  has the potential for high reliability and, 
with multiple stages i t  may replace Stirling, Gifford-Mcmahon 
and Joule-Thomson refrigerators in some cases for 
temperatures down t o  about 15K. I t  is even possible to build a 
small-sized or medium-sized helium liquefier by adding a J-T 
stage to a mul-ti-stage orifice pulse tube refrigerator. Since 
the temperature that can be reached with a single-stage 
orifice pulse tube refrigerator is limited, we turn to two- 
stage orifrice pulse tube refrigerator for lower temperatur, 
One approach to form a two-stage orifice pulse tube 
refrigerator is to add an orifice and gas reservoir to each 
stage of a two-stage basic pulse tubeC31, as shown in Fig.1. 
This arrangement is not practically feasible in two reasons: 
regenerator 
No 2 
I-?+. hea t exchanger 
regenerator 
iJo I 
c o o l i n g 2  
water 11 reservoir  




F i g .  1 Two-stage pulse tube schematic 
i l  The gas reservoir in the second stage is placed at 
low temperature and needs a large amount of refrigeration 
power to precool i t. 
i i l  The hot end of the first stage is no longer closed, and 
the flow resistance of the second stage regenerator which is 
packed with small lead pills is much larger than that of the 
orifice of the first stage, therefore very little helium gas 
can get into or out of the pulse tube of the second stage. 
To our knowledge, no construction and testing of such a 
two-stage orifice pulse tube refrigerator have been reported 
so far. This paper presents the propositions and results of 
experimental investigation of two-stage pulse tube 
refrigerator of different design. A lowest temperature of 31K 
has been achieved in second stage pulse tube, being of 9.5mm 
in diameter by 300mm in length with maximum and minimum 
pressures of 0.95MPa and O.6MPa respectively at a frequency 
of 5Hz,while the first stage pulse tube is of 19mm in diameter 
by 400mm in length with a cold end temperature of 98K. 
PROPOSI TI 011 F02 A PRACTICAL TWO-STAGE REFRIGERATOR 
To improve the system shown in Fig.1, we propose two- 
stage orifice pulse tube refrigerator as shown in Fig.2. The 
large gas reservoir of the second stage with volume of 1.2 
liters can be placed at room temperature by inserting a 
regenerator between the orifice and this gas reservoir. Thus 
Fig. .  2 Two-stage ori f ice  pulse tube schematic, in which: 
1 valveless compressor for second stage 2 by-pass valve 
3 valveless cornpressor for first stage 4 warm regenerator 
for  second stage 5 regenerator for first stage 6 heat 
exchanger 7 cold regenerator for second stage 8 second 
stage pulse tube 9 heat exchanger 10 second stage 
ori f ice  1 1  first stage pulse tube 1 2  regenerator for 
second stage 13 second stage reservoir 14 first stage 
reservcir 15 first stage orif ice 
the starting time of the first stage can be greatly reduced. 
The gas distribution problem can be solved by providing 
pressure waves separately for each stage. In Fig.2 ( b >  the 
compression volume of the pressure wave generator is divided 
into two by the piston which oscillates back and forth and 
produces pressure waves for the two stages. In Fig.2 ( a )  two 
pressure wave generators are used to produce pressure waves 
for the first stage and the second stage respectively. In 
both cases, the hot end- of the second stage pules tube is 
linked to the cold end of the first stage by heat exchanger 9 
packed with 25 layers of copper discs with 2 0  punched holes on 
each, and heat exchanger 6 being disposed between the 
warm regenerator and cold regenerator of the second stage 
is used to compensate for the warm regenerator loss with part 
of the refrigeration power of the first stage and is packed 
with 30 layers of copper discs with 2 5  punched holes on each. 
The other side of both exchanger 6 and exchanger 9 is screw 
surfa-ce far increasing the area of heat transfer. Instead of 
using a needle valve as in the first stage, we use a brass 
plate being 2mm in thickness with a small hole that is welded 
into the connecting tube as the second stage orifice, which 
can be changed to observe the influence of the flow area of 
the second stage orifice on the lowest temperature that can be 
achieved by the system (as shown in Fig. 3 ) .  
The dimensions of the pulse tube and regenerators of the 
two stages used in the experiments are listed in Table I. 
Table 1 Dimensions of two-stage pulse tube, 
I t ems Length Internal Wall thickness Volume 
(mm) dia. tmm) tmm) (cmj3 
First stage 400 19.0 0.5 
pulse tube 
Second stage 300 11.0 0.5 28.5 
pulse tube 9.5 0.25 21.3 
Regenerator 5 180 24.0 0.5 
Regenerator 4 160 24.0 0.5 
Regenerator 7 80 21.0 0.5 
Regenerator 12 140 15.0 0 . 5  
GMERAL DZSCRIPTION OF EXPERIMENTS 
Most experiments were done with the two-stage system 
shown in Fig.2. We varied the pressure ratio of the 
second stage by adjusting the by-pass valve disposed between 
the compression volume and the crankcase of the compressor to 
observe the change of the ratio of the hot end temperature to 
the cold end- temperature of the second stage pulse tube. 
We also investigated the relationship between the above 
temperature ratio and the ratio of orifice diameter to pulse 
tube diameter for the second stage by changing the orifice 
diameter. The average pressure used in these experiments was 
approximately 0.8MPa with a pressure range of 0.65 - 1.OMPa 
for the second stage. The pressure of the second stage pulse 
tube was measured with an absolute pressure transducer of 
the variable reluctance type attached to the hot end of the 
second stage pulse tube.The displacement volume of the 
valveless compi-essor of the second, stage with a fixed 
frequency of 5Hz is 400cm! Temperatures at different points 
of the system illustrated in Fig.2 were measured with copper 
vs constantan and gold-iron vs nickel-chromium thermocouples. 
The low temperature part was thermally insulated from the 
surroundings with avacuum of 3xl0*'torr, but no radiation 
shield was used. Helium gas was used for all runs. About 
one and a half hour was required for the two stage orifice 
pulse tube refrigerator to reach the lowest temperature. 
Then we substituted the pulse tube of the second stage 
with a smaller tube which'was 9.5mm in diameter by 300mm 
length to observe the influence of the ratio of the first 
stage pulse tube volume to the second stage pulse tube volume 
on the lowest temperature. 
We experimentally tested the two-stage orifice pulse tube 
refrigerator shown in Fig.2(b> only to demonstrate the 
possibility of using only one moving part at room temperature 
for a two-stage orifice pulse tube refrigerator. 
i3XPERIMENTAL RESULTS AND DISCUSSION 
Fig. 3 shows the ratio of the hot end temperature to the 
cold end temperature as a function of the pressure m t i o  for 
the second stage. We can see that the temperature ratio 
increases almost linearly with the increase of pressure 
ratio, this is consistent with the analytical resultsC41. 
. Fig. 4 shows the temperature ratio varying with the ratio 
of the orifice diameter to the pulse tube diameter for the 
second stage. When the diameter ratio is 0.08, the temperature 
ratio reaches a maximum. But when the hot end is closed ( zero 
orifice diameter > and the pressure ratio is less than 1.3, 
the temperature ratio becomes less than 1, that is the 
"hot" end temperature becomes lower than the "cold" end 
temperature. One possible explanation for this phenomenon is 
that the regenerator loss due to the heat generated by the 
friction between helium gas and the matrix at the cold end of 
regenerator surpasses the refrigeration capacity of second 
stage pulse tube, This problem needs to be further 
investigated. 
P=0.8MPa x orifice diametelb9.5mm 
f =5Hz Orifice diametem0.7mm 
D=l 1 .Omn , orifice diameter==0.9mm 
Fig.3 Temperature ratio vs the pressure ratio for 
\ second stage 
x Pressure ratio=? .3l 
Pressure ratio4 .22 
Pressure ratios1 . l 2  
Fig. 4 Temperature ratio vs the ratio of the orifice 
diameter to the pulse tube diameter for second stage 
Table 2 Temperature of different points in the 
two-stage pulse tube refrigerator 
I terns 
Ta i K )  
Tb i K >  
Tc ( K ,  
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in Fig.2(a) 
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9 8  
3 1 
1 0 3  
1  OLi 
3 . 3  




1 0 7  




2 . 0  
1 1 . 0  
The lowest temperature of 31K achieved with the system 
shown in Fig.2ta) by substituting the 1l.Omm diameter tube of 
the second stage with a 9.5mm diameter tube and the 
temperature at different points of the system when i t  is in 
operation are listed in Table 2 .  From Table 2. losses of 
regenerators and heat exchangers are rather large with the 
dimensions and constructions adopted in our experiments. To 
obtain lower temperature at the cold end of the second stage, 
i t  is necessary to improve the re.generators and heat 
exchangers to reduce the heat load at the cold end of the 
first stage and thus lower the hot end temperature of the 
second stage pulse tube. From Table 2  we can also see that a 
smaller second stage pluse tube cooperates better with the 
first stage, in other words, a larger ratio of the pulse tube 
volume of the first stage to the pulse tube volume of the 
second stage is more suitable in this case. With a smaller 
second stage pulse tube the pressure ratio of the second stage 
can be increased and thus lower temperature can be achieved. 
The test apparatus were not operating at optimum working 
conditions. I t  may be possible to reach 25K or lower if the 
pressure ratio of the second stage is increased and better 
regenerators and heat exchangers can be made as well. 
CONCLUSIONS 
i l  Due to the flow resistance in two-stage pulse tube, special 
difficulties are met in constructing a practical two-stage 
machine. A practical two-stage orifice pulse tube refrigerator 
is proposed and experimentally tested, and prove to be 
practical feasible and effective. 
i i l  Experiments show that the temperature ratio of the 
second stage' increases almost linearly with the increase of 
the pressure ratio of the second stage and that i t  
becomes maximum at a certain diameter ratio between the 
orifice and pulse tube of the second stage. A lowest 
temperature of 31K was achieved. This two-stage system has 
the potential for reaching lower temperatures. 
The authors wish to thank Pr0f.C.S. Hong for his help and 
discussion to this paper. 
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LONG LIFE STIRLING CRYOCOOLER FOR SPACE APPLICATIONS 
R. McFarlane, C. S. Keung, M. A. Shaik, M. Starr 
Philip8 Laboratories 
Briardig Manor, New York 
The 5 W 65 K first generation refrigerator developed by Philips Laboratories in the early 1980's 
for NASA is continuing on life test with over four years of operation logged. This paper reviews 
the design innovations incorporated into the second generation refrigerator of the same cooling 
specifications, now'nearing completion. Among the new features described are high efficiency 
linear motors with magnetic springs and closed loop digital control, magnetic bearing suspension 
with fiber-optic position sensors, active counterbalancing with linear motor and gas spring com- 
bination. The above features, together with clearance seals and hermetic containment of out- 
gassing materials, result in a long-life highly efficient cryocooler. 
1. Introduction 
Philips Laboratories completed and put into operation in 1983 a laboratory model of 
a unique 5 Watt  65 K linear resonant Stirling cryocooler [I], intended to prove the feasibility of 
continuous unattended operation in space over a period in excess of 5 years, without degrada- 
tion of performance. Long life is achieved by eliminating contact and the associated wear and 
by simplification of the mechanical drive. The moving compressor and displacer elements are 
driven by electronically controlled linear motors and are suspended by closed loop controlled 
active magnetic bearings, permitting the use of clearance seals. The laboratory model continues 
to function under life test, having exceeded 38,000 hours of operation without degradation of 
performance. 
In this paper, we describe the additional innovations incorporated into a flight qualified 
cryocooler under construction, capable of withstanding launch loads. During the launch period, 
the magnetic bearings are active and must have sufficient stiffness to maintain the clearance 
seal without touchdown. The gap between bearing surfaces was reduced to 20 microns to 
improve bearing stiffness and thermodynamic efficiency. In order to conserve electrical energy, 
the linear motors, bearing electromagnets and the electronic circuitry for. driving them were 
designed for optimum efficiency by the use of rare earth cobalt magnets, high permeability mag- 
netic materials and pulse width modulated amplifiers. Fiber-optic sensors were designed for mon- 
itoring shaft radial poeition to provide closed loop control of the magnetic bearing. These sen- 
sors offer a combination of high sensitivity, simplicity and hermeticity. Custom designed linear 
position sensors ensure precise phase control between compressor and displacer and reduction of 
vibration by an  active counterbalancing system. The operating point of the cryocooler is esta- 
blished and monitored by a system controller which also provides graceful startup and shut- 
down, safety interlocks and the option of local or remote control. 
Section 2 of this paper gives a n  overall description of the refrigerator; Section 3 describes 
radial position sensors used in the magnetic bearings; Section 4 describes the active counterbal- 
ance used to  cancel vibrations; Section 5 the axial controller used to control reciprocatory 
motion of the pistons; Section 6 the system controller; and Section 7 describes some structural 
analysis including natural frequency calculations. In Section 8 the current status of the refri- 
gerator program is given. 
2. System Description 
The cryogenic refrigerator described here is a single expansion stage machine operat- 
ing on the closed Stirling cycle. The refrigerator will provide 5-Watt cooling a t  65 K. All three 
of the moving parts are linearly reciprocated within their cylindrical housings and are radially 
0 Copyright 1988 North American Philips Corporation 
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supported by active magnetic bearings. 
The refrigerator is,comprised of a compressor, a single stage expander, and a counterbal- 
ance (Figure 2.1). The expander section contains the displacer with a built-in regenerator and 
the cold and warm side heat exchangers. The compressor contains the compressor piston and 
piston linear motor. The counterbalance contains the countermass, which is part of the motor 
armature, and the two gas springs designed to  resonate the countermass a t  the refrigerator 
reciprocating frequency. All the gas seals are clearance type provided by the magnetic bearing 
clearance. The piston (compressor) and the countermass are reciprocated with a moving mag- 
net linear motor (no flexing leads). The displacer is reciprocated with an integrated magnetic 
spring/motor [2]. 
i_ U(MDER-I_ COM~AESSOFI--------6 COUKIERB~ LANCE ----I 
15 LBs 90- 3OLBS 
B W I T S  100 WITS 18 WATTS 
Figure 2.1. PhilipsINASA Stirling Refrigerator 
Since last reported [3], design changes have been made in the radial position sensors. Origi- 
nally, ferrite reluctance sensors were selected to  provide radial position sensing. During com- 
ponent testing, i t  was found that the hermetic joining of ferrite to the titanium alloy housing 
was difficult to  achieve. Also, further testing revealed that a large change in sensor output due 
to magnetostriction effect (caused by launch and temperature induced stresses) could create 
false position readings. Alternate sensing schemes surveyed included optical and capacitive sens- 
ing. Capacitive sensing is limited by achievable bandwidth. Optical sensors were selected to  
replace ferrite reluctance sensors. Optical sensors were successfully fabricated and their perfor- 
mance was confirmed. 
3. Radial  Posi t ion Sensors 
The sensors provide a measurement of shaft radial position; their output, after prc- 
cessing and amplification, actuates the magnetic bearing polepieces. The following sensor 
characteristics were desired: range of 50pm, resolution better than l p m ,  high linearity and 
bandwidth, and low temperature sensitivity. 
The sensors are built using fiber optic components. Light from an  infrared LED passes 
through a set of fibers, is reflected by the shaft into another set of fibers, which convey i t  to  a 
Iight sensing phototransistor. The sensed light varies with respect to shaft position. The shape 
of the response curve depends on the arrangement of the illuminator and receiver fibers -- i.e., 
whether they are randomly intermixed, are formed into two separate circular bundles, or of any 
other geometry. 
Given N; illuminator fibers and N, receiver fibers, the sensor response is the sum of the 
N i x N ,  illuminator-receiver pairs. A model of pair response was developed. Figure 3.1 shows ele- 
ments dSi and dSj on illuminator and receiver fibers respectively. Given the LED/fiber output 
intensity characteristic IIi, the law of radiative interchange gives the light energy coupled 
between these elements: 
where I$, is the receiver fiber/phototransistor characteristic, y the target distance, and r the 
distance between the element normals. The element response is summed over the illuminator 
and receiver fibers to give the pair response. Pair responses are summed to give sensor response. 
The above model agrees well with experiment. 
1 liiurnmator Fiber I I m-. 
Flux oentity ~t R&W +lane 
Receiver Fiber Virtual Imag I 
Figure 3.1. Calculation Of Fiber Pair Response Figure 3.2. Magnetic Bearing Sensor 
Figure 3.2 shows the magnetic bearing sensor. One LED serves as  a common light source 
for an opposing pair of fiber bundles. The signals from the opposing phototransistors, A and B, 
are processed by analog circuitry to indicate shaft position according to 
The above ratio is independent of common mode variations due to diode aging, phototransistor 
temperature, or mean shaft reflectivity changes over time. Sensor linearity was measured to be 
within 3% of full scale output. Electronic noise referred to  displacement error is 4nm. Sensitivity 
is good with change in each phototransistor signal of 3% of mid-position output. Temperature 
coefficient referred t o  displacement is low a t  .04pm/" C. 
4. Counterbalance 
An active counterbalance is used to attenuate the vibration of this refrigerator. The 
counterbalance consists of a spring-mass system with the motion of the mass being actively con- 
trolled by a linear motor. A double-acting gas spring with clearance seals was selected because 
of its simplicity and long life. Magnetic bearings are used to suspend the gas spring piston which 
functions as  the countermass and the motor armature (Figure 4.1). Design concepts to achieve 
long life in the refrigerator were also used in the counterbalance. 
NITROGEN GAS PRESSURE 
PISTON SECTION SPRING VOLUMES TRANSDUCER 
Figure 4.1. Counterbalance 
Ideally the countermass should be accelerated in opposition to  the sum of the accelerations 
of the compressor piston and the displacer. The position signals from the piston and displacer 
LVDTs are  summed by analog circuitry t o  obtain the counterbalance drive signal. 
One of the concerns in designing the counterbalance is the efficiency of the gas spring, as 
the available power is limited in most space applications. A test was conducted t o  evaluate the 
performance of the gas spring. The result showed tha t  the double-acting gas spring with a 
stiffness of 40,700 N/m has a spring loss of 10 Watts. This experiment also showed tha t  nitrogen 
behaved adiabatically in this spring design. 
The gas spring is filled with nitrogen a t  a pressure of 0.46 MPa. The gas-spring 
piston/countermass has a diameter of 70 mm and operates with an  peak amplitude of 6 mm a t  
18.9 Hz. Each side of the double-acting spring has a mean volume of 230 cc and a maximum to 
minimum volume ratio of 1.22. 
5. Axial Controi 
The resonant nature of the system of motors and springs (gas and magnetic) ensures 
that  the position versus time characteristic will be essentially sinusoidal. This obviates the need 
for a high bandwidth servomechanism to  produce the desired rectilinear motion. Thus, the pis- 
ton and displacer axial control system consists of a simple motor driver amplifier, a linear posi- 
tion transducer and a digital controller/compensator. 
The controller/compensator is a microprocessor-based subsystem which compares the 
measured position t o  preprogrammed parameters and produces a compensated (via digital PID 
techniques) voltage output from the driver to  minimize the motion errors. The block diagram of 
Figure 5.1 describes the essential. axial control system with the software elements highlighted in 
gray. The hardware implementation of the shaded areas requires three integrated circuits. 
Motor position is monitored via an  LVDT (Linear Variable Differential Transformer) which has 
been incorporated within the motor housing. The LVDT returns a voltage proportional to the 
piston position. 
Figure 5.1. Axial Control System 
The relationship of motor position response t o  applied motor voltage is summarized in Fig- 
ure 5.2. A symmetric pair of voltage pulses are applied t o  the motor during each reciprocating 
cycle. The period between the pulses dictates-the operating frequency and is, in practice, 
selected to  drive the motor a t  its mechanical resonant frequency (Figure 5.2a). By increasing or 
decreasing the pulse width symmetrically, the amplitude of oscillation can be modified (Figure 
5.2b). The disproportionate applied voltage will cause the motor t o  favor one direction of drive 
and hence change the mean position. Once the motor has reached the desired offset position, 
the voltage imbalance must be removed and the motor will continue t o  oscillate about the new 
mean value. 
APPLIEO VOLTAQE + 
( POSrTION A 
Figure 5.2. Effect Of Applied Voltage On Motor Position 
Phase control is implemented by shifting the temporal relationships of each of the voltage 
drive waveforms relative to a n  independent reference signal. (Although i t  would be possible to  
control one motor relative t o  the other directly, the use of a n  independent reference permits 
each controller to  be identical and treats mechanistic interactions as disturbances to. each iso- 
lated servo control loop. Such a n  arrangement will permit the use of any number of motors.) 
Performance testing of the axial control system was accomplished using a computer and 
da ta  acquisition system which monitored the simulated position output of a model piston motor. 
Subsequent verification tests were performed on the first generation Engineering model. Both 
amplitude and offset control are excellent and will typically provide operation within 0.2% of 
the desired values. The accuracy of the phase control is dependent on the shaft amplitude and 
ranges from within 0.5 degrees (mechanical) a t  maximum amplitude to  1.5 degrees a t  10% of 
maximum. 
6. System Control ler  
The system controller for the PhiIips/NASA cryocooler is a microprocessor-based sys- 
tem which operates the various subsystems to support cooler operation. The controller provides 
an orderly sequence of operation on both startup and shutdown, monitors interlocks, responds to 
faults and provides an interface through which the user can command or monitor operation (see 
Figure 6.1). 
Figure 6.1. System Controller 
The interface operates on two levels; a local mode, which provides simplistic control of the 
essential cooler functions; and a remote mode, in which a desktop computer (and software) pro- 
vides an  extended command set and displays detailed status information. The operation of the 
control system software is described below. 
An initialjzation sequence checks the status of critical subsystems and will prevent startup if 
faults are detected. Error codes are presented on the front panel INTERLOCK STATUS 
display. If the system is ready, the front panel RESET button will light indicating that  the D.C. 
power is on and that  the magnetic bearings are active. From RESET, one may only proceed to 
the STANDBY mode (launch mode), in which the axial drives are held a t  a centered position. 
Cooling is initiated by going t o  the RUN mode. The RUN mode is started with axial drives 
operating a t  a designated nominal motion. This motion is gradually increased, in a controlled 
fashion, to the final operating point (maximum cooling output). Operation will continue unless 
the system is instructed t o  return to  the STANDBY or RESET mode, or  if i t  is forced to  the 
RESET mode by the interlock system. 
The interlock system is active in both the local and remote mode and utilizes prioritized 
recognition of system faults to provide maximum protection to  the cooler mechanism. The inter- 
lock system is both hardware and software supported, depending on the response requirements 
of the particular subsystem. 
The magnetic bearing interlock, for example, is a hardware scanning device which signals the 
controller processor if any of the 12 bearing error signals is out of tolerance. The high priority 
service routine decides if the fault is severe enough to warrant a shutdown or if operation can 
continue with an  increased margin for error. This provides a 'fault tolerant' environment which 
warns of a deteriorating situation while permitting operation to continue for as long as possible. 
The axial controllers (piston and displacer) are implemented with dedicated processors, which 
accept commands from the system controller, control motor operation and handle axial faults 
within a local environment. The axial controller status is monitored by the system controller. A 
fault condition will return the system to a RESET state. 
The D.C. power system is of a redundant design, which relaxes the requirement for a high 
priority response time. Power supply status is monitored periodically and warnings are issued if 
any fault is detected while the cooler is running. A severe power fault would be handled 
effectively by the high level interlocks (i.e. bearing). The power supply error would then be 
detected during a subsequent system startup procedure. 
The remaining interlocks monitor ancillary signals (temperature, pressure) which do not tend 
to change rapidly with time. These are tested periodically, and system response depends upon 
the severity of the fault. 
In all cases, a system shutdown is sequenced to prevent (or minimize) damage t o  the mechan- 
ical components of the cooler. This is generally accomplished by disabling the axial drives to 
stop linear motion and then removing 28V D.C. power from the axial and radial subsystem 
drivers, and finally, reporting the fault t o  the appropriate interface. 
7. Structurai Analysis Of Refrigerator 
The finite element program ANSYS 14) was used to calculate stresses, deflections, and 
natural frequencies of the main components of the refrigerator structure. Conventional beam 
analysis methods were also used on simplified conservative models of the above components, for 
verification. 
Stresses and deflections in the refrigerator are caused by specified quasi-static launch loads 
of 7g imposed along each of three orthogonal axes. Tensile bending stresses a t  the ferrite radial 
sensor region (earlier sensor design) were of concern. The brittle ferrite material needed t o  be 
placed in a section of the housing tha t  experienced considerable bending loads. The ultimate 
tensile strength of ferrite can range from 400 to  10,000 psi, depending on the material. To keep 
the stress below this limit, the housing was made stifIer a t  the ribbed section. Figure 7.1 shows a 
portion of the housing modeled with solid elements ("Stif45"). Fiber optic sensors eventually 
replaced the original ferrite reluctance sensors. The Imm glass fiber bundle penetrates the hous- 
ing, but is prestressed into compression by differential thermal expansions during fabrication. 
This assures its integrity. 
The relative deflections between the piston and shafts and their respective housings under 
the launch loads are of concern in the magnetic bearing/clearance seal region. The clearance 
seal consists of a small gap of 20p between the piston and housing, and relative deflections 
should be less than this t o  avoid seizure. Axisymmetric models of the piston and displacer 
showed tha t  the deflections did not pose a problem. Although the launch loads are cyclic, the 
natural frequencies of these components are high enough to treat the loads as static. 
I I I 
Figure 7.1. Model Of Piston Housing Figure 7.2. Piston Bending Resonance 
The piston, displacer, and counterbalance should be designed so that  their natural reso- . - 
nance frequencies in bending are larger than the bandwidth of the magnetic bearing control 
Ioop. If the natural frequencies are smaller, the bearing control loop could excite the piston or 
displacer into resonance. A large bandwidth and hence high resonance frequencies are necessary 
for a stiff bearing design. Several iterations were performed on the piston design in order to 
increase its stiffness (high resonance frequency) yet keep its weight low (to lower motor force 
requirements and maintain motor resonance). A model of the piston is shown in Figure 7.2, 
deflected t o  its first bending mode. Axisymmetric elements (Stif25) were used for the modeling. 
Experience with the cold finger natural frequency calculations showed tha t  the finite element 
predictions are reasonably close t o  experiment. 
8. Program Status 
The cryocooler described above is in the final stages of assembly. Initial testing will 
consist of parametric testing to  determine the optimum operating point and to obtain some indi- 
cation of performance when system parameters such as  compressor-displacer phase, compressor 
stroke and gas pressure are varied between narrow limits. Subsequently the cryocooler will be 
delivered t o  NASA Goddard Space Flight Center for environmental testing. 
The electronic system was designed for laboratory operation and good commercial practice 
was observed in the construction. A flight qualified electronic package of minimum weight, max- 
imum efficiency and high reliability must be designed and constructed in the future. However, 
the design of the present electronic system was guided t o  some extent by the anticipated 
demands of the future flight qualified system. Consequently, digital techniques were employed in 
the control of linear motors, the system controller was heavily software driven and the magnetic 
bearing control can in the future be reduced to four power integrated circuits to  support one 
shaft. 
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SEARCH FOR ANOMALOUSLY HIGH PRESSURE DROPS I N  THE 
REGENERATORS OF ICE CRYOCOOLERS 
-John Hess 
Mark Kushnir 
Racah I n s t .  of Physics ,  The Hebrew Un ive r s i t y ,  Jerusalem 91904, I s r a e l .  
ICE Cryogenic Engineering, Ltd., P.O.Box 452, Nes-Ziona, I s r a e l .  
I. In t roduc t ion  
Measurements  o f  c o o l i n g  power (QH) and c o e f f i c i e n t  of pe r fo rmance  
(COP) of two s t a n d a r d  ICE c r y o c o o l e r s  were made unde r  a  v a r i e t y  of 
opera t ing  condi t ions .  The measured r e s u l t s  were compared with  s imu la t i on  
r e s u l t s  of o u r  "SIMPLE" s i m u l a t i o n  program and a n  a t t e m p t  was made t o  
d e t e c t  e v i d e n c e  of a n  o s c i l l a t i n g  f l o w  (or  "anomaloust1) con t r i bu t i on  t o  
p ressure  drops a c r o s s  t h e  regenera tors .  
Both t h e  measurements and t h e  s imu la t i ons  have h e i r  problems. I n  t h e  
measurements, de te rmina t ion  of t h e  work i n t e g r a l  I p d V  of t h e  f l u i d  has  
u n c e r t a i n t i e s  s i n c e  e l e c t r i c  motor and compressor l o s s  must be determined. 
Cool ing power, e s p e c i a l l y  a t  h igh hea t  load  i s  f a i r l y  s t r a i g h t  forward t o  
measure .  On t h e  o t h e r  hand f o r  t h e  s i m u l a t i o n  program t h e  Jpdv  work 
e s t ima te  is q u i t e  accu ra t e  but e s t ima t ion  of hea t  load  i s  more d i f f i c u l t .  
C o o l i n g  power d e t e r m i n a t i o n s  a r e  more d e p e n d a b l e  when measured w h i l e  
s imulated COP va lues  have less unce r t a in ty  than measured ones. 
I t  seems t o  u s  t h a t  a n  o s c i l l a t i n g  f l o w  e f f e c t  i s  p r e s e n t  i n  t h e  
r egene ra to r s  as seen i n  t h e  f o l l o w i n g  graphs. However t h e  r e s u l t s  a r e  not  
w i t h o u t  some ambigu i ty .  Our measurements  may be  improved  and f u r t h e r  
measurements must be made before  unambigious conclusions can be reached. 
11. The Cryocoolers  
The c ryocoo le r s  are t h e  ICE s p l i t  S t i r l i n g  Cryocooler ,  Model M C l O l A ,  
nominally r a t e d  a t  0.25 W and t h e  ICE "mini" i n t e g r a l  S t i r l i n g  Cryocooler 
Model MClllB, n o m i n a l l y  r a t e d  a t  100  mW. Both c r y o c o o l e r s ,  h e r e a f t e r  
r e f e r r e d  t o  as "0.25 Wtl and " M I N I " ,  h a v e  MTBF1s of o v e r  1000 h o u r s  and 
g ive  highly reproduc ib le  r e s u l t s .  
111. The Simulat ion Program 
The s imu la t i on  program known a s  "SIMPLE" is descr ibed i n  r e f e r ences  1 
and 2. I t  is  based on t h e  "Adiabat ic  ~ n a l y s i s "  of Ref. 2 however it t a k e s  
i n t o  a c c o u n t  p r e s s u r e '  d r o p s ,  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  r e g e n e r a t o r  
i n e f f e c t i v e n e s s  a n d  p a r a s i t i c  l o s s e s  i n  a  c o n s i s t a n t  f a s h i o n  w i t h o u t  
i n t r o d u c i n g  t h e  n u m e r i c a l  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  a p p l i c a t i o n  t o  
c r y o c o o l e r s  of " t h i r d  o r d e r  s imula t ions" .  
I V .  P r e s e n t a t i o n  of  t h e  R e s u l t s  
Four o p e r a t i n g  parameters  were v a r i e d  and each graph h a s  e i t h e r  t h e  
o p e r a t i n g  v a r i a b l e :  f i l  l i n g  p r e s s u r e  ( b a r ) ,  o p e r a t i n g  f r e q u e n c y  (Hz), 
a m b i e n t  t e m p e r a t u r e  (C) o r  t h e  c o o l i n g  t e m p e r a t u r e  ( K )  p l o t t e d  on t h e  x 
a x i s .  Each graph r e f e r s  t o  a s p e c i f i c  c r y o c o o l e r  and o p e r a t i n g  v a r i a b l e  
as s p e c i f i e d .  
On e a c h  g r a p h  a p p e a r  2  g r o u p s  o f  3 c u r v e s  each .  One g r o u p  h a s  a r r o w s  
p o i n t i n g  l e f t  a n d  r e p r e s e n t  COP, t h e  o t h e r  g r o u p  of  t h r e e  h a s  a r r o w s  
p o i n t i n g  r i g h t  and  r e p r e s e n t  c o o l i n g  power (QH). COP i s  d e f i n e d  as  QH 
times one pe r iod  d i v i d e d  by t h e  c y c l i c  f l u i d  work i n t e g r a l  . S p d v .  Each 
group of t h r e e  l i n e s  h a s  a  s o l i d  l i n e  r e p r e s e n t i n g  t h e  measured v a l u e s ,  a  
d a s h e d  l i n e  r e p r e s e n t i n g  s i m u l a t i o n  r e s u l t s  u s i n g  q u a s i - s t e a d y  f l o w  
c o r r e l a t i o n s  and a dashed-dotted l i n e  r e p r e s e n t i n g  an tlanomalous" p r e s s u r e  
drop whose rms v a l u e  is  1.5 times g r e a t e r  t h a n  t h e  s t e a d y  f l o w  v a l u e .  
The v a r i a b l e  FNOR ( n o m a l i z e d  f r i c t i o n  f a c t o r )  t a k e s  t h e  v a l u e  1.0 
cor respond ing  t o  s t e a d y  f l o w  c o r r e l a t i o n  and v a l u e  1.5 cor respond ing  t o  
i n c r e a s e d  o r  "anomalous1' p r e s s u r e  drop. I n  t h e  f o l l o w i n g  t h e s e  d a t a  w i l l  
b e  r e f e r r e d  t o  simply as 1 .0  and 1.5. 
V .  R e s u l t s  
We summer ize  i n  t h i s  s e c t i o n ,  a c c o r d i n g  t o  f i g u r e  number,  o u r  own 
c o n c l u s i o n s  from examinat ion of t h e  f o l l o w i n g  g raphs .  
F i g .  l a ,  v a r i a b l e  f i l l i n g  p r e s s u r e  - 0.25 W. COP f a v o r s  1.0 b e l o w  30 
b a r ,  QH approaches  1.5 above 30 bar. 
F i g .  l b ,  v a r i a b l e  f i l l i n g  p r e s s u r e  - MINI. COP c r o s s e s  f r o m  1.0 t o  1.5 
above 15  b a r ,  QH unambigiously f a v o r s  1.5. 
F i g .  2 a ,  v a r i a b l e  Hz - 0.25 W. COP f a v o r s  1.5 b e l o w  35 Hz a n d  
approaches  1 .0  above 35 Hz, QH b r e a k s  toward 1.5 above 40 Hz. 
F i g .  2 b ,  v a r i a b l e  Hz - MINI. COP f a v o r s  1.0, QH s t a r t s  a t  1.5 a n d  
approaches  1.0 above 35 Hz. 
F i g  3a, v a r i a b l e  a m b i e n t  t e m p e r a t u r e  - 0.25 W. COP a n d  QH 
unambigiously f a v o r  1.5 
Fig. 3b, v a r i a b l e  ambient temperature  - M I N I .  COP f a v o r s  1.5, QH i s  
undecided. 
F i g .  4 a ,  v a r i a b l e  c o o l i n g  t e m p e r a t u r e  - 0.25 W. COP a p p r o a c h e s  1.5 
above 70 K ,  QH f a v o r s  1.0.  
Fig.  4b, v a r i a b l e  c o o l i n g  temperature  - M I N I .  COP c r o s s e s  1.5 a t  low 
and  h i g h  t e m p e r a t u r e s  and  a g r e e s  w i t h  1.0 i n  m i d d l e  r a n g e .  Q H  g o e s  f rom 
1.0  below 70 K t o  1.5 above 70 K. 
V .  Conclusions  
F o r  more  e x t r e m e  ( d i s s i p a t i v e )  c o n d i t i o n s  1.5 seems t o  be  f a v o r e d  
however it is no t  c e r t a i n  p r e s s u r e  d rop  is  t h e  only f a c t o r  o p e r a t i n g .  
The s h a r p  b r e a k  of  QH toward  1.5 i n  F ig .  2 a  a b o v e  40 Hz s u g g e s t s  t h e  
e x i s t a n c e  of a c r i t i c a l  time of a b o u t  1 2  m s  ( s e e  companion p a p e r  Ref .3).  
A s  mentioned i n  t h e  i n t r o d u c t i o n  QH measurements are more dependable  than  
COP measurements. 
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DEVELOPMENT OF A MINIATURE CRYOCOOLER 
FOR SI( IN) - IR DETECTOR APPLICATION 
Martin Bareiss 
Herbert Korf 
AEG Aktiengesellschaft, 7100 Heilbronn, FRG 
Introduction 
In Germany efforts for development of extrinsic indium doped 
silicon for application as infrared detector are underway 
for several years. Efforts within this scope, e.g. the subject 
development of a suitable cryocooler for aiding these programs 
are supported by the German Ministery of Defence. 
As specific cooler technology is well established at AEG, this 
company was chosen to accomplish this mentioned cooler devel- 
opment program. 
Here, this development will be presented in form of a short 
overview on objective, approach and main results of the effort. 
Future activities wi 11 be discussed. 
Extrinsic Si(In) for Infrared Detectors 
Silicon infrared technology is based mainly on In-doped silicon. 
This material is sensitive in the mid infrared range of 3-5 vm. 
The benefit of this material is the availability of the highly 
sophisticated and well established silicon semiconductor techno- 
logy - 
This technology provides the basis for highly complex detector 
matrix structures like "focal plane arrays" incorporating signal 
processing in form of "charge coupled devices". 
As these structures can be realized in the monolithic type, 
costs can be kept low regardless of the mentioned complexity. 
On the other hand, Si (In) - infrared detectors need to be 
cooled to cryogenic temperatures which are even lower than 
typical values for CMT-detectors. 
Fig. 1 shows this feature very clearly. 
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Fig, 1 : Detectivity of Si(1n)-IR-Detector / I /  
In this figure the "Black -Body Detectivity" is plotted vs. the 
detector temperature. 
This detector parameter is defined as 
Essentially this parameter represents a measure for the signal 
to noise ratio. I is the signal current, WBB the black body 
ph 
irradiance, in the total noise and A the detector area. 
This measured curve indicates that the maximum and temperature - 
independent detectivity is given at temperatures below 50 K. 
So, Si(1n) - detectors require a cooling system, which is 
capable of cooling the detector temperature to values below 50 K .  
This means, that success of this material depends essentially on 
the availability of suitable coolers. This subject cooler devel- 
opment program was initiated to close this gap. 
3. Miniature Stirlinq Cooler for Si(1n)-Infrared Detectors 
3.1 Intearal Cooler 
Development specification required a miniature stirling cooler 
with the main features based on common module philosophy. The 
cooler had to be designed for application in night-vision and 
FLIR systems. With respect to performance characteristics the 
following requirements were specified in the 1. phase: 
Cooling Capacity at 50 K:  > 1  W 
Input Power : (80 W 
Low Vibration Output 
At the time, this development was initiated, split cooler techno- 
logy in general was not advanced as far as today. So, in the 
definition phase the integral concept was chosen to keep the 
technical risk low. 
For benefit of efficiency the cooler was designed' with a two 
stage expander. With respect to dimensions the coldfinger is 
compatible with the common module DT 594 dewar. The compressor 
was designed with dual opposed pistons to keep vibration low. 
A brushless dc-motor is utilized as drive. 
Fig. 2 shows a prototype of this cooler 
Fig. 2: Prototype of Cooler for Si(1n) Application (LV 200) 
A typicaI load curve of this prototype is presented in Fig. 3. 
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Fig. 3: Load Curve of LV 200 
Net cooling capacity is plotted vs. coldend-temperature of the 
second stage. Typical data which fall within the dotted range, 
were taken at room ambient temperature. The theoretically pre- 
dicted curve, which is added for comparison, agrees fairly we1 1 
with the measured data. This curve was calculated with the AEG 
computer program, which was designed for aiding integral as 
well as split cooler layout, 
Vibration output of this cooler could be reduced significantly 
compared to the HD 1033-C/UA cooler. 
Prototypes of this cooler are successfully in use in mentioned 
Si ( In)-detector technology programs. 
3.2 Split Cooler (SC 200) 
Develo-pment of a split stirling cooler for mentioned application 
was mainly initiated by the outstanding progress of split cooler 
technology at AEG. Both, the AEG Quarter Watt Split Cooler (SC 025) 
and the One Watt Split Cooler (SC 100) are produced successfully 
in fairly high monthly production rates and have demonstrated 
excellent performance and lifetime as indicated by fig, 4. 
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Fig. 4: SC 100 Lifetest 
This figure, which shows the coldend-temperature plotted vs. 
operating time, represents an extract from SC 100 qualification. 
Within the scope of this qualification, a lifetime of MTTF 1000 h 
could be demonstrated for the SC 100 cooler. 
So, the concept was, to start development of a split cooler for 
Si(In) application from the SC 100 and to utilize its proved 
technology as far as possible. 
In a first step the compressor and displacer swept volume were 
increased, keeping the swept volume ratio essentially constant. 
Additionally, some expander parameters, e.g. regenerator matrix 
and pneumatic piston, were changed and the motor was replaced 
by a more appropriate one. As the outline configuration was kept 
essentially unchanged, this cooler looks similar to the AEG 
SC 100 cooler as indicated by the photo of Fig. 5. 
Fig. 5: Split Stirling Cooler for Si(1n) Application 
The performance characteristics of this single stage split 
cooler prototype meet the mentioned requirements as indicated 
by the load curve of Fig. 6. 
In this graph again the cooling capacity is plotted vs. the 
coldend-temperature. The curve represents typical values mea- 
sured on 3 prototypes at room ambient temperature. The input 
power was in the range of 80 W typically. This curve indicates, 
that the field of application for this cooler is not limited to 
Si ( In) detector technology. In the CMT-temperature range of 
80 K this cooler provides a cooling capacity of 2.2 W. Hence, 
this cooler can be utilized for cooling of detectors with high 
thermal load, e.g. detectors at high ambient temperature opera- 
tion or large focal plane arrays or detectors with a high 
degree of signal processing implemented. 
Though based on SC 100 technology, lifetime of this cooler in 
its current design will be lower to some extend, because some 
key components are subjected to higher stress. Prel imi nary 1 ife- 
time evaluation predict a MTTF of at least 500 hours. 
Nevertheless, lifetests will be performed in the near future. 
COLDEND TEMPERATURE [ K 1 
Fig. 6: Load Curve 
4. Optimization and Future Development Program 
In spite of the successful results of the split cooler develop- 
ment, there is a margin for further optimization. 
On a short term, the following fields will be in the focus of 
the improvement effort: 
a) Regenerator 
As tests and calculations indicate, the regenertor is not yet 
ful ly optimized. A test program with modified regenerator 
matrix (e.g. hybrid matrix) will be accomplished. 
b) Compressor swept volume 
c) Motor 
The currently utilized motor is not operated at its optimum 
point. 
On mid term development, implementation of demand refrigeration 
technology is planned. 
4.1 Demand Refrigeration Control (DRC) 
Development of demand refrigeration coolers is underway in a 
parallel program at AEG. This technology and its benefits, 
name 1 y 
- fast cooldown 
- stabilized detector temperature 
- reduced power consumption 
- increased lifetime 
- reduced noise and vibration 
can be made available for this subject cooler development pro- 
gram. 
Fig. 7 shows the typical characteristics of a cooler with 
demand refrigeration circuit. 
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Fig. 7: Demand Refrigeration Cooler Characteristics 
This figure presents typical cooldown curves with the coldend- 
temperature resp. the input power plotted vs. time. 
When the set point for the detector temperature is reached, the 
input power is reduced drastically for operating the cooler in 
the steady state mode to keep the detector temperature constant. 
Typical values for temperature stability are: 
Short term: 0.2 K/s 
Long term: 1.0 Klmin 
These data were taken using the AEG SC 100 cooler. 
To transfer this technique to the SC 200 cooler, the detector 
temperature set point has to be reduced to the required tempera- 
ture of 50 K essentially. 
5. Conclusion 
Extrinsic Si (In) material is an alternate material for detectors 
sensitive in the mid infrared. 
Success of this material essentially depends on the availability 
of a suitable cooler. It was the objective of the outlined devel- 
opment to-provide a cooler for these specific requirements. In 
addition to a specifically developed integral cooler, a split 
stirling cooler as spin-off from the AEG SC 100 production cooler 
is now available. 
As the basis technology is now established, specific system 
options can be implemented. So, one of the main handicaps of 
Si ( In) detector technology is eliminated. 
The present development was 'partially supported by the German 
Ministery of Defence. 
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Arthur D. Little, Inc. has been working on the design and development of Scroll machines 
since 1972.(') These efforts have been focused on applying this technology to applications 
such as: air, refrigerant, and helium compressors as well as liquid and vacuum pumps. To 
date 23 different scroll prototypes have been developed in the power input range of 30 w. to 
30 hp. Scroll refrigerant compressors for building air conditioning are now in production, 
under license from ADL, by The Trane Company and its three sublicensees for air condi- 
tioning products. Scroll compressors for automotive air conditioning have been in produc- 
tion for 4 years, under license from ADL, by the Sanden Corporation and its sublicensee. 
The main advantages of Scroll technology for these applications are: higher efficiency, 
fewer parts, lower operating.noise and vibration, and better reliability. 
BACKGROUND 
The basic elements in a Scroll machine are two identical spiral scrolls, each fixed to (or an 
integral part of) a cover plate. When two Scroll plate assemblies are mated, the two Scrolls 
are interleaved in an eccentric fashion so that they touch and form a series of crescent 
shaped pockets. The two cover plates seal these pockets, thus serving roughly the same 
function as cylinder walls in a reciprocating compressor. 
In the conventional Scroll machine, one of the Scroll plate assemblies is fixed. The other 
one orbits around the center point of the fixed Scroll plate assembly, and, as it moves, the 
pockets formed by the interleaved Scrolls follow the spiral towards the center and diminish 
in size. (If the device is used as an expander, the process is the reverse, i.e., the pockets 
move from the center to the periphery and enlarge). The moving Scroll plate assembly 
orbits with a fixed angular orientation; it does not rotate. It is driven by a simple short throw 
crank assembly incorporating a radial compliance drive feature. Figure 1 shows the typical 
orbiting Scroll plate and assembly configuration and Figure 2 shows the progress of the 
compression process. 
ORBITING SCROLL OPERATION 
When used as a compressor, the inlet for the Scrolls is at the periphery. The entering gas 
is trapped in a pocket and compressed as the pocket moves towards the center and dimin- 
ishes in size. The compressed gas is exhausted through the outlet at the center of the fixed 
spiral. When the device operates as an expander, or Brayton cycle engine, the inlet be- 
comes the outlet; the outlet becomes the inlet, and the moving Scroll plate orbits in the op- 
posite direction. 
The displacement of a Scroll machine is a function of the volume of the pockets formed 
between the Scroll pieces. The volume of the pockets, in turn, is related to the parameters 
of the Scrolls, such as the outside diameter, pitch, height (i.e., axial length) and thickness. 
The pressure ratio is directly related to the initial and final volume of the sealed pxkets. 
For a Scroll compressor, where the gas flows radially inward along the Scroll, a final volume 
is also influenced by the discharge port configuration. Precise functional relationships 
between the displacement, the pressure ratio, and the Scroll parameters have been com- 
pletely defined. ADL has developed and is using on a regular basis computer programs 
that size and draw elements at any angular orbital position. Additional computer programs 
compute forces on the Scrolls and power input, given gas inlet and discharge pressures 
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Fig. 1 
Typical Scroll Compressor Configuration - 
Orbiting Scroll at Gas Pocket Seal-off 
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Fig. 2 
Four Operating Positions of the ADL Scroll 
CompressorlExpander 
CO-ROTATING SCROLL COMPRESSOR (CRSC) 
In previous Scroll compressor developments, the orbital configuration of the machine was 
used with one Scroll fixed; the other orbiting, without rotation. For dry helium compression, 
the CRSC version of the Scroll machine is preferred because it allows higher operating 
speeds which facilitate the use of gas bearings and diminish the effect of gas leakage 
between the two Scrolls. In this version the two Scrolls rotate about their own center lines 
in precise angular relation but about laterally displaced parallel axes. The effect of this 
motion is shown in Figure 3, at 90" intervals of rotation. The same gas trapping and com- 
pression sequence occurs in the co-rotating Scrolls as in the orbiting Scrolls. In fact, the 
motion of one Scroll relative to the other is still orbital, even though they both rotate.  he 
main advantage of the co-rotation is that higher operating speeds can be used since there 
is no centrifugal load on the Scroll drive bearings, as there is with orbital motion. Con- 
versely, there are twice as many bearings in a CRSC (since both Scrolls are moving) and 
efficient bearing means is required. 
Co-rotating scrolls at gas pocket Co-rotating scrolls at seal-off CO-rotating scrolls at seal-off Co-rotating scrolls at seal-off 
seal-off position position +90 deg position +I80 deg position +270 deg 
- 
A Scroll '//< B scroll Gas Pocket 
Fig. 3 
Operating Sequence, Co-rotating Scroll Compressor 
CRSC HELIUM COMPRESSOR 
As a design example, a typical dry helium compressor requirement for a cryogenic refrig- 
erator was selected to allow sizing a CRSC. This requirement is associated with the R3 
system currently under development at ADL; the pertinent portions of this requirement are: 
Helium flow rate = 3 - 4 Ibrnlhr 
Inlet pressure = 14.7 psia 
Discharge pressure = 58.8 psia 
Additionally, this application requires minimum size and weight and maximum reliability in 
order to achieve 50,000 hrs. of operation in space, without maintenance. 
Using our established Scroll design procedures, the preliminary configuration of a CRSC, 
suitable for meeting this requirement, was determined. The first step in this process was to 
establish an operating speed. The major advantage of the co-rotating version of the Scroll 
is that it can operate at high speeds since there is no centrifugal loading of the drive bear- 
ings, as there would be in an orbital version. In addition, the high speed reduces gas 
leakage within the Scrolls by minimizing physical size, which allows more accurate involute 
surfaces and better control of thermal and mechanical distortions during operation. High 
speed also minimizes overall compressor size and weight. 
Based upon the results of similar studies, in the past, an operating speed of 20,000 rpm 
was assumed. Next, the size of the Scrolls was calculated based upon required compres- 
sion ratio and flow. Once the Scroll size was established, the bearing loads were calculated 
using our computer design equations. Finally, gas leakage, heat transfer and compression 
efficiency was calculated. For comparison, the Scroll size for an operating speed of 10,000 
rpm was also calculated. 
A CRSC running at 20,000 rpm has relative linear dimensions of the Scrolls which are 30% 
smaller than for a 10,000 rpm Scroll compressor, while clearances between adjacent Scroll 
surfaces which control leakage, would be about the same. Also, the drive bearing forces 
would be smaller; in some cases one-half as large. It was found that the 20,000 rpm Scrolls 
were reasonable in size with a better combination of operating clearances and loads on the 
supporting bearings. 
As a result, it was concluded that the operating speed of 20,000 rpm would result in a 
CRSC which would have good size and weight characteristics, while not posing excessive 
development risks as a result of extremely high speed. Our previous experience with a two 
stage, 12,000 rpm orbiting Scroll refrigerant compressor indicated that the increase in 
speed to 20,000 rpm is feasible.(*) 
Figure 4 shows the configuration of one of the rotating Scroll components. The Scroll has a 
compression volume ratio of 2.56 and is integral with a mounting disk on one end of the 
shaft. Behind this is a cooling fan which draws in ambient GHe and circulates it behind the 
Scroll disk, for cooling. The fan section is joined to the main bearing section which in turn is 
joined to the outboard bearing section. The shaft mounted Scroll is driven in its bearings by 
a rotary motor whose rotor portion is incorporated in the large main bearing area. The 
compressed helium exiting from the Scroll is carried through an axial passage in the shaft, 
to its outboard end. The outermost journal acts as a rotary seal to limit leakage of GHe, at 
discharge pressure, as it leaves the spinning shaft. 






Rotating Scroll Component 
Surrounding the scroll periphery are a series of axially projecting teeth which serve to insure 
angular alignment of the two Scrolls, when they are assembled. 
The two Scroll components would be mounted Scroll to Scroll as shown in Figure 5. Their 
axes would be laterally displaced to provide sealing between adjacent Scroll flanks located 
on opposite Scroll parts. 
Removable Hermetic - Central Thtmble Section 
Shell-TYP for Compressor Mounling - -- 
Pressurized GHe + 
out 
Return GHa In - 
In operation, both Scrolls would rotate 
- Eiectrical Power Input -- } Coolant Loop 
Oimsions 
Fig. 5 In b c h a  
CRSC Concept 
in the same direction with their projecting teeth 
(around their peripheries) meshing with (but not contacting) the teeth mounted-on the 
opposite Scroll. The meshed teeth maintain precise angular alignment between the Scrolls. 
GAS COMPRESSION 
GHe enters the Scrolls at their periphery and is trapped in two diametrically opposite periph- 
eral pockets. These pockets are driven inwards during further rotation to accomplish the 
built in volume change (2.56) required to develop the required pressure ratio. After com- 
pression, the two pockets merge and discharge at the center of the Scrolls. Discharged gas 
flows down a central pipe in the support shaft of one of the Scrolls and is discharged 
through a rotary seal into a fixed passage in the compressor housing. This rotary seal is a 
helium gas bearing with clearances controlled to minimize leakage. The inlet, compression, 
and discharge occur continuously, without the need for valves. 
DRIVE MOTORS 
Synchronous motors capable of operating at 20,000 rpm would be used for driving each of 
the Scrolls. A permanent magnet rotor construction, similar to that used in the existing R3 
equipment, would be incorporated in the large bearing section of each Scroll component 
resulting in a motor air gap diameter of about 2.50 in. The construction of the rotor involves 
potting the'magnets and rotor core in a welded stainless steel toroidal can which will seal 
the rotor and provide structural integrity. The rotor peripheral velocity will be about 13,090 
ftlminute which is acceptable for aircraft squirrel cage induction motors. 
As a result of the large size of the rotating parts and their high speed, considerable energy 
would be stored during operation. The drive motor would be designed so that it acts as a 
brake on the rotating Scrolls by functioning as an electrical generator during shutdown. If a 
malfunction occurred or the operator needs to shut the compressor down, the control 
system would bring the compressor to a stop quickly, to protect the mechanism from poten- 
tial damage. 
SCROLL COOLING 
The Scrolls will consist of an involute wall integral with a disk which is connected to a 
support shaft with a cooling fan section. The cooling fan is radially bladed, integral with the 
support shaft, and draws in ambient helium and discharges it radially after it flows over the 
internal fan blades. In the process, the heat of compression absorbed by the Scrolls and 
transferred to the intervening disk is dissipated to the ambient helium flowing through the 
fan and discharged into the surrounding compressor shell. Suitable heat sink surfaces, 
inside the shell, which are cooled by an external coolant loop, remove the heat of compres- 
sion and reject it to a fluid cooling loop. 
The total heat rejected to this external loop would consist of: 
Cooling of the gas compression scrolls. 
Energy losses in the gas cooling fan. 
Drive motor losses. 
SCROLL BEARINGS 
The forces on the Scrolls during Ghe compression tend to separate the Scrolls axially, and 
laterally, and impose a tangential force in reaction to the compression work input. The 
forces perpendicular to the Scroll axes create an overhung load which is supported by the 
two-stepped bearing journals on each Scroll. The axial load is supported by an annular 
thrust bearing located outboard on the cooling fan, behind the Scroll section. All these 
bearings would be self-acting, hydrodynamic gas bearings. 
The Scroll loads estimated during the sizing analysis described above were used in con- 
junction with an operating speed of 20,000 rpm to size the gas bearings. The bearing 
dimensions were determined using analytical design curves from the technical literature. 
Our experimental experience with the gas bearings of Arthur D. Little's R3 have shown good 
agreement with these curves. The preliminary design of the thrust bearings were made 
using an analytical design procedure given in reference 3. 
A summary of these bearing loads and the anticipated bearing clearance needed is pre- 
sented in Table 1. 
TABLE 1 
SCROLL SUPPORT BEARINGS 
BEARING LOAD CLEARANCE 
mSd {Microinches) 
Axial Thrust 80 200 
Main Journal 47 1190 





In order to achieve suitable efficiencies the Scroll compressor surfaces must be very accu- 
rate and distortions due to thermal effects or gas loading must be minimized. To establish 
the size of gaps which could be tolerated, an analysis of the compression process was 
done using an existing ADL computerized leakage estimating program for Scroll machines. 
To do this the details of the compression process occurring between the two co-rotating 
Scrolls was analyzed in great detail; the process was tracked from when the gas pocket is 
trapped at the scroll periphery to its discharge into the center of the Scrolls. In this analysis 
the thermodynamics of the compression process was estimated to predict the overall 
efficiencies of compression, extent of internal gas leakage, and probable heat transfer 
during compression. 
As a result it was found that the clearances required between adjacent Scroll wall flanks 
would need to be about 0.001 50 in. The clearance between Scroll tip and adjacent disk of 
the mating Scroll needs to be about 0.00075 in. or less. These clearances are quite small 
but can be obtained in gas bearing equipment, when proper measures are taken in design, 
fabrication and construction. 
The Scroll components themselves can be machined very accurately. Production Scrolls 
for refrigerant compressors, which have been in production for many years, are machined 
to tolerances of + 0.0002 in. 
In order to control thermal distortion of the Scroll surfaces, during operation, the Scrolls are 
cooled by Ghe circulated through the fan section outboard of the Scroll disk. Preliminary 
calculations indicate that the Scroll metal temperature can be held below 150" F. assuming 
ambient helium temperatures of 70° F. In addition, the Scroll component could be made 
from lnvar or equivalent material to minimize thermal expansion. 
Since mechanical stresses in the Scrolls are modest, and the structure is quite robust, 
mechanical distortion can be very low. 
In order to finely tune the clearance between Scrolls, it is planned to incorporate "micro- 
adjustment" capability in the axial and lateral bearing supports of one of the rotating Scrolls. 
This mechanism would be able to advance one Scroll towards the other in very fine steps, 
in these two directions, to minimize clearance gaps and would be actuateable during the 
initial setup and operational testing of the compressor. 
ANGULAR PHASE CONTROL 
The Scroll components of the CRSC must be accurately positioned in angular phase rela- 
tive to one another, in order to achieve the desired minimum clearance between the Scroll 
flanks, thus minimizing gas leakage. The design alternatives for providing this precise 
phase control, in a machine which must meet long life requirements, are limited. In order to 
reach a 50,000 hr. maintenance-free life, a non-contacting means is required which has the 
capability to maintain precise angular positioning (+ 5 mrad) of one Scroll relative to the 
other, as they rotate. 
In order to minimize loads on the angular phase control means, the CRSC utilizes two drive 
motors; one on each Scroll component. In theory, one-half the work of compression is 
provided by each Scroll component; therefore, motorizing each component reduces angular 
phase control component torque loads to zero. 
There is about a 10% variation in drive torque during each revolution of the Scroll, due to 
detailed geometric changes in pocket size as a function of the rotation angle. However, this 
small torque variation acts on each Scroll simultaneously, and equally, so that no torque is 
exerted on the phase control component. Moreover, the high frequency of torque variation 
with the large moment of inertia of the Scrolls is such that the undamped amplitude of vibra- 
tory motion of each Scroll is negligible. 
It is planned that the meshed teeth will operate without contact due to gas "squish film" 
bearing action. The faces of the meshed teeth would be precision machined to promote 
smooth engagement and disengagement with maximum face area to promote gas trapping 
during engagement. 
Preliminary analyses, considering possible torque loading and angular momentum of the 
Scrolls indicate that meshing of the teeth should be smooth and operation highly damped; 
with little possibility of tooth rattle or "buzzing". 
EFFICIENCY ESTIMATE 
As a result of this preliminary design process, the overall efficiency of this CRSC has been 
estimated with power budget elements as follows: 
Pressure reduction at inlet process 
Heating of inlet charge 
Gas compression power 
Gas viscous shear 
Gas bearing friction (2 Scrolls) 
Scroll fan cooling (2 Scrolls) 
Rotary shaft seal leakage 
Total power required from drive motor 
Drive motor loss (at 85% efficiency) 













Therefore, the total overall isentrophic efficiency (compressed gas output divided by com- 
pressor shaft input) of this dry CRSC is estimated to be 71%. The overall efficiency based 
upon electrical power input is estimated to be 61%. 
SIZE 
The complete CRSC module as shown in Figure 5 would consist of the rotating Scroll 
components and their bearings mounted to a central bulkhead or thimble. Two hermetic 
shells are attached and sealed to this thimble to enclose the compressor, All connections 
for electrical power, coolant flow, and helium flow are made at the thimble section which 
also acts as a mounting flange for the compressor. The complete compressor would be 
about 8.5 in. in diameter and 20 in. long (1 135 in.3). 
A power conditioning and control electronics module would be required also, but its size 
should be quite small. 
WEIGHT 
The weight of the CRSC will probably be in the range of 25 - 45 Ibs. depending upon the 
extent of lnvar or equivalent need for thermal expansion control within the Scrolls. 
COMPARISON WITH ALTERNATIVES 
In order to put CRSC technology in perspective, the major advantages can be summarized 
as follows: 
POSITIVE DISPLACEMENT 
The CRSC uses positive displacement technology similar to reciprocating machines 
to compress helium to high pressures in one stage, efficiently. 
SIMPLE DESIGN 
CRSC consists of two moving parts which are geared together to accomplish gas 
compression without the need for valves or complicated electrical drive systems;. 
COMPACTNESS 
The high speeds possible with CRSC allows high flow capacity with minimum size 
and weight. 
HIGH EFFICIENCY 
The use of gas-bearings to support the Scrolls results in minimum bearing friction 
power dissipation. The high speed allows minimum size of Scrolls with minimurn 
internal leakage for a given gas flow. 
LONG LIFE 
Since the Scroll parts see no metal-to-metal contact during operation, long operating 
life is achievable. 
As a result of these characteristics, the CRSC type of compressor should be very competi- 
tive with alternatives for special, dry gas compression such as is required for cryogenic 
refrigerators in the power input range up to 5 kw. 
The example described above deals with a modest compression ratio requirement. For 
higher compression ratio applications, the CRSC would be staged, as per conventional 
practice. 
This paper has dealt with the use of Scroll technology for dry helium compression; however, 
this same machine can operate as an expander by reversing the direction of rotation. The 
use of this type of Scroll expander for cryogenic cooling is quite intriguing in spite of the 
ominous requirements for leakage control, and will be the subject of future exploratory 
design analyses. 
The CRSC concept and design details presented are the subject of a recently filed patent 
application by Arthur D. Little, Inc. 
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ABSTRACT 
A major obstacle to be overcome before a dilution refrigerator can be 
operated in space is that a conventional unit relies in a fundamental way 
on gravity to physically separate the 3~e-rich phase from the 3~e-poor 
phase in the mixing chamber. Experimental and theoretical work performed 
at the Jet Propulsion Laboratory show the feasibility of controlling the 
interface between the two phases using an appropriate electric field 
gradient instead of gravity. A single ,cycle dilution refrigerator 
incorporating this feature is presently being constructed. The 
refrigerator is designed to cool only if an electric field is applied, 
and to test any influence the applied electric field has on the cooling 
power. Other key features include a radially symmetric design and the 
possibility of altering the relative position of the still and the mixing 
chamber to allow operation in a horizontal mode. 
1. INTRODUCTION 
NASA's primary interest for developing refrigeration well into the 
subkelvin temperature range stems from the significant reduction in noise 
equivalent power (NEP) of long wavelength infrared bolometers and X-ray 
detectors obtained as the temperature is lowered. Planned future 
astronomical space missions that benefit from subkelvin temperatures to 
cool some of their detectors are: the Space Infrared Telescope Facility 
(SIRTF), the Advanced X-Ray Astrophysics Facility (AXAF), the Large 
Deployable Reflector (LDR), and it's predecessor the Submillimeter 
Telescope. Subkelvin temperatures in a microgravity environment can also 
be used to investigate phenomena that are perturbed by gravity effects in 
ground-based laboratories, such as studies of the tricritical point and 
of emulsions in 3~e/4~e -mixtures. 
In addition, the ultimate stability of Superconducting Cavity 
Stabilized Oscillators (SCSO's) is improved when cooled to subkelvin 
temperatures. Development work at JPL indicates that the cooled SCSO can 
outperform currently used hydrogen maser clocks. A number of scientific 
and engineering applications exist for this potentially ultrastable 
frequency standard. Such a frequency standard can be used as the timing 
device in a global positioning system with unprecedented resolution. 
Precise clocks are also a necessary in performing tests of the general 
theory of relativity, satellite ranging, navigation, and other 
applications.. 
To produce temperatures below 0.3 K continuously, a 3~e/4~e dilution 
refrigerator must be used. Cooling is obtained in a mixing chamber where 
3 3 ~ e  atoms from a concentrated He-rich phase are continuously mixed (or 
evaporated) into a dilute 4~e-rich phase. An osmotic force that moves 
the 3 ~ e -  atoms across the interface is produced by evaporating 'He-atoms 
in a still at higher temperatures. The still and the dilute phase in the 
mixing chamber are connected by a capillary tube. 
There are three interfaces in the earth-based dilution refrigerator 
where gravity plays an important role: the liquid/vapor interface in the 
still, the liquid/vapor interface in the condenser where the evaporated 
3 ~ e  is recondensed, and the dilute/concentrated interface in the mixing 
chamber. All these interfaces must be controlled by means other than 
gravity to allow a dilution refrigerator to function in space. 
2. ADAPTATIONS FOR SPACE OPERATIONS 
Two methods have been proposed for controlling liquid/vapor interfaces 
of helium in space: passive capillary confinement in metal sponges1 and 
active liquid confinement into a region of high electric The 
pore size d, or applied electric field E, necessary to confine a liquid 
sample of height h against an adverse acceleration a, are given by: 
40 - r a  .(capillary confinement) 
and 
~2 = 2pha GFn (electric field confinement) 
where e0 is the permittivity of vacuum, o is the surface tension, p is 
the density, and r is the dielectric constant of the helium fluid. To 
compare the effectiveness of the two confinement techniques, we form the 
product of these two equations. 
The surface tension and the dielectric constant have rather weak 
dependence on temperature in the pure liquids at low temperatures. Below 
1 K the proportionality constant is 3 .4-lo9 v2/m for 3 ~ e  and 7 . 2 ~ 1 0 ~  v2/m 
for 4 ~ e .  These numbers imply .that electric field confinement of 3 ~ e  
using lo6 V/m is equally as effective to confine a volume of liquid 
against an adverse acceleration as a sponge with 3.4 mm pore size, and a 
field of lo7 V/m matches a sponge with 34 micron pore size. It seems 
possible to design liquid/vapor phase separators with both methods, but 
there may be difficulties testing the electric field separator on ground 
due to arcing problems when trying to hold off the full gravitational 
field. To counteract a 1-g acceleration of a lcm column of liquid 3 ~ e ,  a 
field of 6.6.10~ V/m is required. So large a field often leads to arcing 
through the vapor in contact with the electrodes However, to counteract 
5 an acceleration of IO'~~, a field of only 2.1.10 V/m is required which 
can be accomplished with a few hundred volts across an electrode 
separation of lmm. 
To control the dilute/concentrated liquid/liquid interface in the 
mixing chamber of the dilution refrigerator in a low-g environment, we 
have recently shown that a suitably designed electric field gradient may 
be used3 2 4 .  Figure 1 shows actual measurement observed visually in our 
laboratory using a v-shaped electrode geometry. The dilute 4~e-rich 
phase (grey), has a larger dielectric constant than the concentrated 3 ~ e -  
rich (white) phase and is therefore forced into the high field region as 
the applied voltage across the electrodes is increased. The plate 
separation at the narrow end is about 0.75 mm, and the slope of the lower 
electrode is 0.1. Our measurements agree well with our theoretical 
calculation based on the two-fluid model which yields an equation for the 
interface line between the two phases as a function of applied voltage V. 
Figure 1. 3~e-rich/4~e-rich interface line control using an applied 
voltage across v-shaped electrodes. As the voltage is increased 
the dilute phase is preferentially moved into the high field region. 
The dashed circle indicate the visual access into the cell. 
Here z and x are the vertical and horizontal coordinates respectively, 
zbo is the cell width where the interface line touches the upper 
electrode, and g is the acceleration due to gravity. Subscripts d and c 
refer to the dilute and concentrated phase respectively. 
These initial experiments have shown the feasibility of the electric 
field approach for mixing chamber interface control and also have 
furnished us with valuable design parameters. The remainder of this 
paper will discuss the design and construction of a single cycle dilution 
refrigerator which requires an electric field generated force in the 
mixing chamber to overcome an adversely oriented gravitational force for 
its operation. 
We should also mention that capillary retention has recently been 
proposed as a possible alternative to provide an interface in the mixing 
4 chamber . 
3. SINGLE CYCLE DILUTION REFRIGERATOR WITH ELECTROSTATIC MIXING CHAMBER -
As a first step towards designing and constructing an engineering 
model of a low gravity dilution refrigerator we are building a single 
cycle refrigerator. We thus eliminate complications associated with 
returning the 3 ~ e  into the mixing chamber, such as heat exchangers and 
3 ~ e  recondensation. Furthermore, we focus on low gravity aspects of the 
mixing chamber only, so our first design utilizes gravity to control the 
liquid/vapor interface in the still chamber. 
3.1. General Features -
The dilution refrigerator is of a compact design fitting inside a 10 
cm outer diameter vacuum can which is immersed in liquid Helium at 4.2 K. 
A schematic representation is shown in figure 2. The high temperature 
stage is a 1 K pot formed by bending a 0.64 cm outer diameter copper tube 
in a circle and brazing the ends together. The 1 K pot can hold 5 cc of 
liquid, and is pumped by a mechanical pump at room temperature through a 
1.27 cm diameter pumping line inside the cryostat. Continuous filling of 
the 1 K pot is accomplished through a high impedance capillary from the 
main bath at 4.2 K. The 1 K pot is used to condense liquids for the 
still and 3 ~ e  pot and for thermal anchoring of instrumentation wires. 
The still chamber is formed in the same toroidal shape as the 1 K pot 
to enable the mixing chamber to fit radially inside the still. The 
liquid in the still is pumped by a charcoal sorption pump at 4.2 K. When 
the dilution refrigerator is started, the still chamber will be about 
half full (3 cc) . As the 3 ~ e  rich phase in the mixing chamber is 
depleted, dilute phase from the still will replace it to maintain the 
mixing chamber full and thereby avoid arcing problems. Connection 
between the still and mixing chamber is via a capillary of 0.5 mm inside 
diameter. 
The mixing chamber contains about 3 cc of liquid. To precool it to 
Figure 2. Schematic diagram of 
the single cycle dilution 
refrigerator. It is of compact 
radial design and fits inside 
a 11 cm diameter helium dewar. 
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0.3 K before the dilution process is started a small attached 3 ~ e  pot is 
used. The vapor pressure of the liquid in the 3 ~ e  pot is reduced by a 
charcoal sorption pump in the same manner as the still pump. The 1.5 cc 
of liquid in the 3 ~ e  pot provides sufficient cooling to reduce the mixing 
chamber temperature to 0.3 K and the still temperature to 0.6 K, thereby 
roducing phase separation in the mixing chamber and diluting the still 
!He content to about 5%. 
To illustrate the general operation of our refrigerator a complete 
cycle will be described. The mixture of about 35% molar 3 ~ e  
concentration and the pure 3 ~ e  for the 3 ~ e  pot are initially adsorbed in 
the charcoal pumps at 4.2 K. Heaters are used to raise the temperature 
of the sorption pumps temporarily to about 20 K, thereby desorbing the 
gases. Condensation of the gases occurs where the connecting pump tubes 
are thermally anchored to the 1 K pot, and the cold liquid works its way 
through the pumping tubes and into the chambers using the heat pipe 
effect. Once the mixing chamber cools below 1.2 K, the heater for the 
3 ~ e  sorption pump is turned off and the pump cools in a few minutes to 
4.2 K, thereby starting cooling of the 3 ~ e  pot. When the mixing chamber 
has cooled to 0.3 K and the 3 ~ e  pot is empty, the heater on the still 
sorption pump is turned off to start the still pumping action. The 
mixing chamber will now start to cool below 0.3 K only if an electric 
field gradient is applied. The relative orientation of the mixing 
chamber and the still also influence the dilution cooling and will be 
described in the next subsection. Once the concentrated phase in the 
mixing chamber has been depleted, the charcoal pumps must be recycled to 
initiate a new cooling cycle. 
THE MIXING CHAMBER-STILL SYSTEM 
The key feature of our single cycle dilution refrigerator is thac we 
will be able to test the cooling capabilities of the mixing chamber under 
unfavorable gravity conditions. Figure 3 shows the design. The 
capillary from the toroidally shaped still enters the mixing chamber 
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Figure 3. ~etaiis sf the still/mixing chamber system in our dilution 
refrigerator. When the electrode voltage is turned off (upper figure) 
the outlet capillary from the mixing chamber to the still is covered 
with 3~e-rich phase (white) and dilution cooling will not take place. 
When the voltage is turned on (lower figure) the dilute phase (grey) 
moves into the high voltage region thereby covering the outlet 
capillary. Cooling will now commence. 
cone shaped electrode is strongest. The inlet to the capillary is thus 
covered with dilute phase only when the voltage is applied. If the still 
is pumped without having the voltage on, the dilution refrigerator will 
simply act as a 3 ~ e  refrigerator, while if the voltage is turned on the 
inlet capillary will be covered with dilute phase and the dilution 
process will commence. An additional feature of the design is that the 
relative height of the still and mixing chamber can be easily changed 
(this must be done at room temperature), thus in essence controlling the 
applied gravity. The mixing chamber is made out of OFHC Copper, and 
instrumented with a heater for cooling power measurements, a GRT for 
temperature measurements, and a small coaxial capacitor to measure the 
position of the 3~e-rich/4~e-rich boundary interface. The high voltage 
electrode is insulated from the copper by a fiberglass-epoxy plate and 
the high voltage is fed into the mixing chamber through an insulated 
sealed epoxy feedthrough. To reduce radiation from the surrounding 
vacuum can wall at 4.2 K, the mixing chamber is enclosed by a copper 
radiation shield held at the same temperature as the still. 
4. PRESENT STATUS -
The single cycle refrigerator has been fabricated, assembled, and 
wired. Preliminary testing is underway. 
5. Acknowlednements 
The research described in this publication was carried out by the Jet 
Propulsion Laboratory, California Institute of Technology under contract 
NAS-7-918 with the National Aeronautics and Space Administration. 
6. References 
1. R.M. Ostermeier, I.G. Nolt, and J.V. Radostitz, 
Cryogenics 18, 59 (1978) 
2. H.W. Jackson, Cryogenics 22, 59 (1982) 
3. U.E. Israelsson, H.W. Jackson, and D. Petrac, 
Cryogenics 2, 120 (1988) 
4. P.R. Roach, these Conference Proceedings. 
THERMAL EFFICIENCY OF A ZERO-G DILUTION REFRIGERATOR 
N E A  AMES RESEARCH CENTER 
MOFFETT FIELD, CA 94035 
BSTRACT 
In the process of developing a 0.1 K 3He-4He dilution refrigerator to 
operate at zero-g for space applications, a careful analysis of the thermal 
efficiency of the proposed refrigerator has been carried out. The dilution - - 
refrigerator being considered is a recent innovation that uses gas adsorption 
onto charcoal for all pumping operations. Although this makes the 
refrigerator most suitable for single-cycle operation, modifications to allow 
continuous operation are presented. In the single-cycle mode, reasonable 
assumptions~about the operation of the charcoal pumps and of the 
refrigerator suggest that it should be possible to have a cooling power of 2.5 
pW at 0.1 K for a run time of greater than 17 hours, recycle times of 3 hours 
and an average power rejected to 2.0 K of less than 4 mW. By suitable 
modifications to allow continuous operation it is possible to take advantage of 
some of the unused cooling power of the circulating He-3 gas, and a similar 
analysis shows that the same operation at 0.1 K should be possible with only 
about 1 mW of heat rejected to 2.0 K. 
INTRODUCTION 
Many types of infrared astronomy benefit greatly if the infrared detectors 
are cooled to very low temperatures. Temperatures from 4 K down to 0.3 K 
are readily achieved by pumping on baths of liquid He-4 or the rare isotope, 
He-3. In order to cool to temperatures below 0.3 K it is necessary to use 
techniques beyond simply pumping on such a bath. The most common 
technique that has been used for the last 20 years is the use of a He-3-Me-4 
dilution refrigerator. Such refrigerators are normally very large, very 
complex pieces of equipment that would hardly be suitable for remote 
applications in space. 
However, a different type of dilution refrigerator has recently become 
availablel. This refrigerator is very compact and much simpler and more 
reliable to operate than the previous type. The design of this refrigerator 
makes it very well-suited to space applications if it can be made to operate in 
zero gravity. 
a 
The commercially available compact refrigerator is based on a single- 
cycle operating mode where a small fraction of the duty cycle must be 
devoted to recycling the system. It is believed that this refrigerator can not 
only be modified to operate in zero G, it can also be modified to operate 
continuously so that the recycle time can be eliminated. 
WHAT IS A DILUTION REFRIGERATOR? 
Basically, a dilution refrigerator is a system that passes the rare isotope 
He-3 into and through a stationary portion of liquid He-4, producing cooling 
at the phase boundary where the two isotopes mix: 
To He-3 pump 
t Mixing Chamber 
Still 
Because of its I 
Phase Boundary 
where cooling oc 
Item to be cooled 
curs 
vapor pressure, He-3 \ can be pumped He4  ,e, through 
off from the He-4 (distilled). stat,onary He-4 
Fig. 1. Basic elements of a dilution refrigerator. 
The cooling process can be thought of as 'evaporative' cooling: the He-3 
'evaporates' into the background of He-4. The reason this process is 
important is that some unique properties of He-3 and He-4 allow this cooling 
to take place down to temperatures below 0.01 K. The main reason that the 
technique has been so popular, however, has been the fact that it can be 
operated in a continuous mode. By returning the He-3 that has been pumped 
off back to the mixing chamber, a continuously-operating refrigerator can be 
created that is invaluable for very-long-term experiments or experiments 
where very large amounts of heat must be removed. 
An important feature of a dilution refigerator is that the cooling Dower is 
pro~ortional to the He-3 circulation rate and to the spare  of the temperature. 
In practice, the machines can vary from small systems with little cooling 
power and limited low-temperature capabilities to enormous machines with 
huge cooling powers and the ability to cool below 0.003 IS. Until recently, 
all such machines had elaborate and bulky gas-handling systems and large 
external pumps. In addition, they required considerable expertise to run and .. 
even then it was very difficult to keep them running routinely without 
frequent problems. The comDact dilution refri~erator that has reclently 
become available changes all this2. Its design uses gas-adsorption onto 
charcoal at low temperatures to provide the He pumping. This leads to a self- 
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Fig. 2. Schematic of commercial compact dilution refrigerator. 
This particular version is a single-cycle refrigerator; the system must be 
recycled when the charcoal pumps get full. In order to start up a single-cycle 
refrigerator it is necessary to provide a He-4 pot for condensing the 
operating mixture of He-3 and He-4. In addition, it is necessary to have a 
He-3 pot attached to the' mixing chamber to provide precooling to 0.3 K so 
that the dilution process can be efficiently started. 
All pumping and recycling operations are controlled by heaters. There 
are no moving parts in the refrigerator. During operation none of the 
helium leaves the low-temperature region. These factors lead to very reliable 
performance and the option of completely automating all aspects of its 
operation so that no operator expertise is required. 
MODIFICATION OF REFRIGERATOR FOR ZERO - 
In the configuration above, the force of gravity is used to keep the various 
liquids in their chambers and to keep the lighter He-3 floating on top of the 
He-4 in the mixing chamber. For operation in zero-g, another mechanism is 
needed to control the location of the liquids. It is proposed to use capillary 
confinement in porous metal sinter in order to do this. For a liquid chamber 
being pumped on, this would be done as follows: 
bintered metal with 
liquid He in pores 
Fig. 3. Capillary confinement using sintered metal. 
This technique causes the liquid to be retained in its chamber under the 
influence of adverse accelerations and also exposes a substantial liquid surface 
for pumping. If the pores of the sinter are of diameter, d, and the height of 
the liquid column is h, then the surface tension forces will cause the liquid to 
be retained in the pores as long as 
where o is the surface tension of the helium, p is its density and a is the 
acceleration. 
The way the sinter would be installed in the compact dilution refrigerator 




Fig. 4. Sinter installation in compact refrigerator. 
All the chambers that normally have liquid in them will have porous sinter 
in them. For this modification the still is placed below the mixing chamber 
in order to facilitate the installation of sinter into the connecting line. The 
mixing chamber will have sinter only lining the walls. The cavity in the 
center will hold the He-3, and the sinter will contain the He-4. The small 
surface tension between the phases will prevent bulk He-3 from entering the 
sinter and leaving the mixing chamber. 
EFFICIENCY OF REFRIGERATOR REJECTING HEAT AT 2.0 K 
The main function of the He-4 pot is to condense in the mixture of He-3 
and He-4 at 1.5 K; it turns out that satisfactory condensation of the mixture 
can also be obtained without the He-4 pot if a heat sink at 2.0 K is available. 
Since this is the temperature of superfluid He used for many cryogenic 
systems in space, it is reasonable to assume that such a heat sink temperature 
is available for space applications of the dilution refrigerator. This has the 
considerable advantage of allowing one to eliminate the He-4 pot and the 
inefficiencies associated with condensing its He-4. 
The heat rejected to the 2.0 K heat sink (the 2.0 K bath in Fig. 5j can be 
divided into two main parts: that occumng when the pumps are pumping 
their respective liquids, and that occurring when these liquids are being 
condensed into their chambers: 
PUMPING 
Fig. 5. Heat rejected to 2.0 K bath (heat sink). 
The assumptions for the numbers in Fig. 5 are that the pumps are 
degassed at 25 K and that no helium remains in them at this temperature; that 
the He-3 pot contains 0.24 moles of He-3 and that the mixture system contains 
0.28 moles of He-3 and 0.26 moles of He-4. These amounts are calculat~ed to 
be sufficient to cool the system to 0.1 K and to run at this temperature for 17 
hours at a He-3 circulation rate of 3x10-6 moles/sec. The cooling power at 
this circulation rate is 2.5 pW. . 
The numbers above can be summarized as follows: 
frigerator. 
CAN PERFORMANCE BE EXTENDED TO LOWER TEMPERATURE^ 
Because the He-3 is flowing in the small pores of the sinter, there will be 
some viscous heating in the mixing chamber and connecting line that will use 
up some of the cooling available. This effect is not important at 0.1 K but 
becomes increasingly serious at lower temperatures. Since the cooling power 
of the ~frigerator without sinter is &po cTz, where Po is a proportionality 
constant and c is the He-3 circulation rate, then the net cooling power of the 
refrigerator with sinter is 6,- 4, where 6, is the viscous heating in the 
sinter. If this net cooling power is divided by cT2, the departures of the 
resulting quantity from Po represent the effect of the viscous heating in the 
shter. The regions where this quantity goes to zero are the effective limits 
of operation with the chosen sinter. 
'empera ture 
He-3 Circulation Rate - c 
(micro moles/sec) 
Fig. 6. Performance limits of refrigerator with sinter. 
It can be seen that the performance at 100 mK is not much affected by the 
sinter but that the cooling power drops off sharply near 50 mK. It should be 
pointed out that the sinter used for the above evaluation has quite small pores 
so that it will be effective in 1 G for testing on the ground. For actual space 
applications accelerations much less than this are normally encountered. The 
sinter for these applications could be much coarser, in which case the viscous 
heating problem encountered above would be much less serious and much 
lower temperatures could then be achieved. 
FURTHER IMPROVFMFNTS 
Analysis of the performance of the single-cycle refrigerator shows that 
there is still substantial cooling power contained in the He-3 that leaves the 
mixing chamber. This cooling power can be put to very good use if the 
refrigerator is converted to continuous operation. The He-3 that would then 
need to be returned to the refrigerator can be cooled and condensed by the 
He- 3 leaving the mixing chamber. Another 'advantage of continuous 
operation is that the He-4 of the mixture and the He-3 of the He-3 pot would 
no longer have to be repeatedly condensed in; the He-4 would remain in the 
refrigerator during continuous operation and the He-3 pot would not be used 




Fig. 7. Continuously-operating compact dilution refrigerator. 
An additional charcoal pump must be added; one pump is being wanned 
and is putting He-3 into the system while the second pump is cold and 
pumping on the still. When the second pump gets full, the roles are reversed. 
Low-temperature control valves must be added to direct the flow of He-3 
between the two pumps. Special heat exchangers must be added between the 
incoming and outgoing He-3 in order to take maximum advantage of the 
cooling power of the pumped-off He-3. When this is done one can achieve 
very good thermal efficiency: 
frigerator. 
Although this refrigerator uses the same amount of He-3 as in the previous 
calculation, it lasts for 26 hours on each half cycle instead of 17 hours as 
before because none of the He-3 has to be used to cool the system from 0.3 to 
0.1 K as in the single-cycle system; once the continuous system is at 0.1 K the 
He-3 is used just to maintain that temperature. The result is that the power 
rejected now is more that 4 times lower than for single-cycle operation. 
SUMMARY 
The main points about the compact dilution refrigerator are as follows: 
1. A commercial dilution refrigerator is available which is highly 
appropriate for space applications--it is compact and reliable and it 
operates under computer control. 
2. Modification of this refrigerator for zero-g operation is feasible; the 
use of sintered metal in all liquid chambers is capable of properly 
constraining the liquid in the presence of adverse accelerations. 
3. The performance obtainable from the modified refrigerator is 
attractive from the viewpoint of cooling power, running time and heat 
rejected to the heat sink. 
4. Modification for continuous operation is possible; this would greatly 
improve thermal efficiency and eliminate recycle time. Continuous 
cooling might be particularly useful for physics experiments in space. 
Initial testing of a compact dilution refrigerator is currently underway and 
modifications to install sinter in the liquid chambers are about to begin. Tests 
will be conducted to verify the performance and thermal efficiency of the 
refrigerator with the sinter. If the testing is successful, a very different 
refrigerator for ultra-low-temperature space applications will be available. 
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Perfor-rnce of the Philips usfr Stirling cycle cooler. 
R.J. de Putter 
philips usfa B.V., Postbus 218, 5600 MD Eindhoven, The 
Netherlands 
INTRODUCTION 
Philips Usfa BV makes a range of small cryogenic coolers 
for cooling the sensors of thermal imaging systems. These 
coolers operate around 80 K and have cooling capacities of 
0.25 W, 0.5 W and 1.0 W. The diameters of the "cold fingers" 
are respectively 5, 7 and 10mm. 
The standard compressor used at present has a diameter of 71mm 
and a length of 145mm, and we are currently developing two new 
compressors : one for the 0.25 W and 0.5 W cold fingers and 
one for the 1.0 W cold finger. The 1.0 W compressor has a 
diameter of 55mm and a length of 122mm. The compressor for the 
0.25 W and 0.5 W cold fingers is 44mm in diameter and 142mm 
long. These coolers have en MTBF of 3500 hours and need no 
routine maintenance. 
During the last few years a. lot of experience has been gained 
with various cooler-Dewar combinations, one of the most widely 
used being the 0.5 W type UA 7041 cooler combined with the 
R185 Dewar. The R185 Dewar is a TICM class I1 DeWar containing 
Sprite detectors and produced by Philips Components, ~ u l l a r d  
division. This paper reports on the measured performance of 
the U A  7041 cooler with this Dewar. It also includes data 
measured during tests on other coolers in the range, together 
with some early results obtained with prototypes of the new 
compressor. 
The paper is arranged as follows : 
- basic technical principles of the cooler. - typical cooling capacity of the U A  7041. - typical cooling demand of the R18S Dewar. - performance of the OA 7041 - R185 combination. - typical cooling capacity of the UA 7043. - performance of the UA 7043 - R175 combination. 
0 typical cooling capacity of the UA 7040. - results of lifetime testing. - new developments. 
- summary. 
Basic technical principles of the cooler. 
The principles of our cooler are based on the well-known 
Stirling cycle, using a free piston and free displacer 
(Figure 1 ) .  
The piston, driven by a linear motor, creates a pressure wave 
while the displacer moves in such a way that expansion takes 
place mainly at the top of the cold finger and compression 
takes place in the space between the piston and the displacer. 
The mass of the piston/coil assembly, in combination with the 
mechanical spring and the gas forces ("gas spring"), gives a 
mass-spring system which is tuned to the drive frequency of 
50 HZ. Movement of the displacer is caused by the pressure 
drop across it, which also has a frequency of 50 Hz. Because 
the driving forces on both the piston and the displacer act in 
the direction of movement the side loads are extremely low. 
This is the main reason for the very Long operational lifetime 
achieved with this type of cooler. 
The compressors which are currently under development employ 
two pistons to cancel out vibration, but the same linear motor 
technology is retained. 
Typical cooling capacity of the UA 7041. 
The curves in Figures 2 and 3 are plotted from measurements 
made on two UA 7041 coolers (serial numbers 0300 and 0303), 
taken from normal production. UA 7041 coolers are equipped 
with a specially developed thermal interface (figure 4) which 
gives an optimal match with the R185 Dewar. The cold produc- 
tion of the U A  7041 is always measured on top of this thermal 
interface (without thermal interface it is even higher). 
At input powers around 50 W it can be seen from Figures 2 and 
3 that the increase of cold production by increasing the cold 
tip temperature is about 29 mW/K. 
Typicdl cooling demand of the R185 Dewar. 
The R185 Dewar used in these experiments had a heat loss of 
100 mW at Tamb = 2 5 O ~ .  This was measured by examining how 
liquid nitrogen (77K) evaporated in the Dewar. It was assumed 
that the maximum heat loss in an eight-element Sprite detector 
during normal use in TICM I1 systems is 100 mu ; this is with 
an electrical field on the detector of 3V/mm. Hence the total 
cooling demand of the R185 with detectors biased is equal to 
200..mW at Tamb - 2S0c. 
At Tamb = 70°c the heat loss of the DeWar is about 140 mW and 
therefore the total cooling demand of the R185 at TaPb = 70°c 
is equal to 240 mw. 
According to Figure 2 we expect an input power in the order of 
18 W to cool the R185 at 2S0c and with detectors biased at 
80 K. According to Figure 3 we expect an input power in the 
order of 32 W to cool the R185 at 7 0 O ~  and with detectors 
biased at 80 K. The measured results are, given in the next 
paragraph. 
Performance of the UA 7041 - R185 combination. 
The performance of the cooler-Dewar combination is shown in 
Table 1. The cooldown time was measured with the detectors 
unbiased and an input power of 55 W. The performance at 80 K 
and 95 K was measured with a heat dissipation of 100 mW in the 
Sprite detectors. 
The table shows that the cooldown time to 95 I? is signifi- 
Table 1 : Performance of the UA 7041 - R185 combination with 
biased detectors except during cooldown. 
cantly shorter than the cooldown time to 80 K. It also sh~ows 
that operating Sprite detectors at 95 K instead of 80 K gives 
a significant reduction in input powar, especially at Tamb = 
70°c. The U A  7041 is tuned in such a way that the compressor 
is exactly in resonance when the ngas springn is at 70°c. 
~t -40°c the inner pressure in the cooler is much lower than 
at +25Oc and 70°c, and therefore at -40°c the compressor is a 
little out of resonance. That is the reason why the perfor- 
mance of the U A  7041 - R185 combination at -40°c is not much 
better than at 2 5 O ~ .  
When the cold production of the U A  7041 (figures 2 and 3 )  at 
2% = 50 Watts is compared with the cold demand of the R185, ecomes clear that the U A  7041/00 has enough overcapacity 
to accommodate some long-term degradation of the Dewar and 
cooler. 






~ y p i c a . 1  cooling capacity of the U A  7043. 
The curves in figure 5 are plotted from measurements made 
on two UA 7043 1 Watt coolers (serial numbers 1528 and 15301, 
taken from normal production. 
The cold production is measured on top of the cold finger and 
not on top of the thermal interface. 
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A thermal interface, soldered on top of the cold finger, is 
optional with the U A  7043. The use of a loose fuzz buttan is 
also possible ; however this is less efficient from the point 
of view of cold conduction. 
With a thermal mass of 850 Joules the U A  7043 has a typical 
cooldown time to 80 K of 4 minutes at Tamb = 1 5 O ~ .  
At T,b = 70°c the cooldown time equals 6 minutes. 
Performance of the UA 7043 - R175 combination. 
The 1 Watt cooler (type UA 7 0 4 3 )  can be combined with a 
USCM DeWar containing 120 or 180 detector elements. A ~ e w a r  
compatible with the USCM Dewar (i.e. the ~ 1 7 5  supplied by 
Mullard) was used for testing. The R175 has a heat loss of 
320 mW at Tamb = 2S0c. The performance of this combination is 
shown in Table 2. 
The cooldown time was measured with the detectors unbiased and 
an input power of 55 W. The performance at 80 K and 95 K was 
measured with a heat dissipation of 100 mW in the detectors. 
In this test set up the UA 7043 was supplied with a thermal 
interface, soldered on top of the cold finger. 
Table 2 : Performance of the UA 7043 - R175 combination 
with a dissipation of 100 mW in the detectors. 
The typical cooling capacity of the U A  7043 is 1.6 W at 80 K 
and Tamb = 1 5 O ~ .  A t  50 K and Tamb = 1s0c it is possible to 
reach 0 . 5  W of cold production with 75 W of input power. Some 
detectors work at 50 K ; the combination of UA 7043 cooler and 






Typical cooling capacity of the U A  7040. 
The curves in figure 6 are plotted from measurements made 
on two UA 7040 0.25 Watt coolers (serial numbers 1304 and 
1105), taken from normal production. The cold production is 
measured on top of the cold finger. 
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The cold fingers in the U A  7040 and U A  7043 conform to ~ J S C M  
dimensions , but the existing standard compressor ( 71 mm dia- 
meter does not. - Results of lifetime testing. 
In a recent life test, four 1 W U A  7043 coolers were run 
for 20 hours a day at ambient temperatures which alternated 
between - 3 2 O ~  and + 5 2 O ~ .  The coolers were run at full input 
power, and cessation of specified performance was the failure 
criterion. 
Results : cooler 0361 failed after 2480 hours 
cooler 0362 was stopped after 5150 hours 
cooler 0393 failed after 4057 hours 
cooler 0394 failed after 4287 hours 
These results give an MTBF of 3993 hours. 
In the present life test six 0.5 W UA 7041 coolers are being 
run for 20 hours a day at ambient temperatures w.hich alternate 
between -40°c and +7o0c. with one extra cooldown during the 
remaining four hours. These coolers are not running with full 
input power, but with input powers which give sufficient 
cooling capac2k.y to cool the detectors of a R185 DeWar to 
80 K. Hence the input power is also alternating because the 
required cold production is 150 mW at Tamb = -40°c and 250 mW 
at ~~~b = 70°c ; these cold production demands are based on 
the worst-case conditions of the R185 Dewar. The failure 
criterion is a input power of 55 W or, in other words, if a 
cooler needs more than 55 W to cool the detectors of the R185 
to 80 K, the cooler is taken out of the test and analysed. 
Results (excluding the standard 200 
production) : 
cooler 1339 : failed after 2525 hours 
cooler 1355 : still running after 2890 
cooler 1357 : failed after 1408 hours 
cooler 1362 : still running after 2625 
cooler 1504 : still running after 1351 
cooler 1515 : still running after 591 





The early failure of coolers 1339 and 1357 was due to ex- 
pansion problem8 at Tamb = 70°c ; when these coolers were 
taken off test, both were working well at 2 3 O ~  and -40°c with 
no significant degradation. A corrective action was introduced 
in the production line and coolers 1504 and 1515 were then put 
on test. 
This life test is being witnessed by TNO, a Dutch government 
laboratory comparable to NVEOL in Washington. 
In addition, five 0.5 W U A  7041 coolers are currently being 
run continuously for 24 hours a day at an input power of 40 w 
and a constant Tamb'of 2 3 O ~ .  The running.time to date for each 
cooler is shown below. All five coolers are stil running. 
Cooler 1258 : ................... 6591 hours 
Cooler 1259 : ................... 6776 hours 
Cooler 1260 : ................... 6744 hours 
Cooler 1 2 6 3  : ................... 6766 hours 
Cooler 1264 : ................... 6756 hours 
On the basis of these tests Philips is able to guarantee the 
specified MTBF of 3500 hours. No routine maintenance is 
needed. 
When a cooler fails it must be either repaired or discarded. 
New developments. 
In comparison with the existing standard compressor used with 
all three types of cold finger, the new compressors mentioned 
in the introduction will have the following advantages : 
- full USCM compatibility 
- very low vibration (opposed pistons) - internal EM1 shielding - very low static magnetic field outside the compressor - 10 V (5082) running voltage 
- low noise level 
- optional D C / A C  converter supplied with compressor 
The cryogenic performance will be the same as that of the 
existing coolers described in this paper. Some early results 
are given in Table 3. 
Table 3 : Results from the first 1 Watt prototypes 
(Serial Nos. O O O ?  and 0002) 
Vibration level of compressor : peak force is 1.1 N 
summary. 
- philips coolexrange : 0.25 W, 0.50 W and 1.0 W 
- half W a t t  cooler Dewar combination : cooldown of 2 minutes 
and Qinp a t  80 K : 16 W. - one Watt cooler Dewar combination : cooldown'of 6 minutes 
and Qinp at 80 K : 2 4  W. 
- results life tests : MTBF 3 3500 hours - new uSCM compressors under development 
August 1988 
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~ig.1: DiagraInmatic cross Fig.2: Cold production of 
section of the split the UA 7041 at two 
Stirling cooler with different cold tip 
linear motor. temperatures at 
Tamb = 2 S 0 c .  
Fig.3: Cold production of Fig.4: The UA 7041 cooler 
the UA 7041 at two with the standard 
different cold tip thermal interface. 
temperatures at 
Tamb = 70°c. 
Fig.5: Cold production at 80 K of 
the UA 7043 at two different 
ambient temperatures. 
Fig.6: Cold produc t ion  a t  80  K o f  t h e  UA 7 0 4 0  
a t  two d i f f e r e n t  ambient temperatures .  
F i g . 7 :  The dual  opposed p i s t o n  compressor w i t h  
a d iameter  o f  55 am and a l e n g t h  o f  122 mm 
combined wi th  t h e  1 Watt c o l d  f i n g e r .  
MULTI-STAGE CRYOCOOLER PERFORMANCE AND STAGE EFFICIENCY PREDICTIONS 
Christina L Cain 
Flight Dynamics Laboratory, Wright-Patterson AFB OH 45433 
A method to estimate the required input power of 
multi-stage cryocoolers has been developed, and a 
FORTRAN program has been written to predict cooler input 
power. The input power is calculated given the required 
ambient temperature, stage temperatures and loads, and 
stage efficiencies. The program can be used in early 
system design and tradeoff studies to compare various 
types of multi-stage cryocoolers including hybrid 
machines. 
In order to reasonably predict the required input power, 
the coolers' stage efficiencies must be known. A 
FORTRAN program to predict stage efficiencies given 
input power, ambient temperature, and stage temperatures 
and loads has been developed. Estimated stage 
efficiencies for existing' cryocoolers are presented. 
1. Introduction 
For preliminary system design and integration studies, the input plower 
of a staged cooler may need to be calculated at many design points. A 
method to easily estimate input power as a function of operating conditions 
would be very useful - -  such a method is available if cooler stage 
efficiencies are known. Many cooler efficiencies have been compiled by 
Strobridge [I]; however, the efficiencies presented are system efficiencies 
shown as a function of cooling capacity at the coldest temperature. Also, 
once a cooler is designed, the manufacturer often develops a complex design 
and prediction tool to either size cooler components to optimize a design 
or to predict operating conditions from a cooler design. Typically these 
tools require a lot of knowledge to operate, and are not generally 
available. It is therefore desirable to estimate stage efficiencies fox 
any cooler given its operating conditions. The stage efficiencies could 
then be used for system studies of similar coolers (including hybrids). 
2. Approach 
Two related problems will be considered. The ultimate objective is to 
estimate cooler input power with a small amount of computation. First an 
equation is given to predict input power as a function of the number of 
stages, the required temperature and cooling capacity at each stage, the 
ambient heat reject temperature and the stage efficiency of each stage. 
Clearly, in order for the predicted input power 'to be accurate, stage 
efficiencies must be known. Consequently, a method to estimate stage 
efficiencies of coolers given operating conditions is presented. 
3. Nomenclature 
Number of stages 
Useful cooling provided by the &Lh stage 
Gross cooling provided y the i stage 
ti? Heat rejected by the i stage 
Absolute temperature of cooling at the ith stage 
Note: T = system reject temperature 0 
System input power 
Input power required for &e ith stage 
Stage efficiency of thetft stage 
Temperature ratio for i stage (Ti-l/Ti) 
7 - 1  i 
Figure 1. System Representing a Multi-Stage Cooler 
4. Discussion 
Consider the system shown in figure 1. The following stage conditions 
result from applying energy balances to various portions of the system. 
The gross cooling provided by individual stages follows: 
The required input power for each stage is given by the following 
equation: 
The heat rejected from each stage follows: 
QR = Wi + QG QG + Oi/viJ 
i i i 
The required system input power follows: 
Expanding equation (1) while recognizing that 
results in the following expression for system input power: 
It is convenient to expand equation (2) in terms of combinations of 
efficiencies and coefficients that are functions of stage temperatures and 
loads. 
m n 
Let a[m:s(l),s(2), ..., s(m)] = 
where: 1 I s(l) < s(2) < ... < s(m) 5 n 
l l m S n  
n n 
Next, find system input power by considering all 1 ( ) combinations of 
stage efficiencies: m-1 
In equation (3) P(n) is the system input power calculated using 
temperatures, loads, and efficiencies; and W is the actual system input 
power. The object is to. find the set of stage efficiencies which cause 
P(n) = W (or P(n)/W = 1). Define fk as follows: 
This is a measure of the error between the input power calculated using the 
efficiencies and the a ual input power. A set of efficiencies that makes €6 
f = 0 describes the k operating point. A single set of stage 
ehiciencies that will satisfy many operating points is desired. F is 
defined as the sum of the square of the errors of all the operating points 
considered. 
j 2 
F = 1 (fk) where: j is the number of operating conditions (4) 
k-1 
The best set of stage efficiencies which satisfy j operating conditions is 
found by minimizing F. Note, if there is only one stage, the best 
efficiency that describes the system can be calculated directly by setting 
dF/dgl to zero and solving for ql: 
Arranging equation (3) in terms of the coefficients a[m:s(l), ..., s(m)] 
allows the coefficients to be evaluated once for each data point, then 
equation (4) can be evaluated for many combinations of stage efficiencies 
without recalculating the coefficients. Equation'(3) is also very useful 
if the optimization technique requires derivatives of F with respect to 
efficiency. 
5. Search Method 
Since equation (4) has many local minima, a direct search method is 
employed to find the best set of stage efficiencies which describe the 
system. An increasingly fine grid is used to compare the values of F 
calculated using different combinations of efficiencies. The mesh size 
starts by considering a range of all combinations of efficiencies with 
intervals of .1 (the user can choose the minimum and maximum efficiencies 
to be considered for each stage). At the end of each iteration, the 
combinations of efficiencies with the smallest values of F are used to 
choose ranges of efficiency combinations which are evaluated with a finer 
mesh. The smallest mesh size considered is .001. 
Before applying the search method to actual coolers, a check was 
performed to see if it would predict the best set of stage efficiencies. A 
set of operating conditions (n, ... #n, Q1 ... QJ and a set of 
Table 1. Individual cases used to check search method. 
* 
Case 1: q1  = .34, q 2  = . 2 5 ,  q3 - '20 
Case 2: 
q1 = 
.33, q 2  = . 2 5 ,  q 3  - .19 Case 3: 
q1 = 
. 3 5 ,  q 2  = . 2 3 ,  q 3  = '18 
Case 4: 
q1 = .33, q 2  - .27, q3  = .22 
Table 2. System of four cases used to check search method. 
4  4.00 1. 3000.75 2 5  o.Eo/ 
* 







































































efficiencies (ql . . .  gn) were arbitrarily chosen. Equation (2) was used to 
calculate input power using the chosen set of operating conditions and 
efficiencies. Next F was minimized using the set of operating conditions 
and input powers. Table 1 shows that the set of stage efficiencies 
predicted by equation (4) are the efficiencies that were expected. Next a 
check was done to see if one set of appropriate efficiencies will be 
predicted for a set of operating conditions with different efficiencies. 
Again arbitrary operating conditions and efficiencies were chosen and the 
corresponding system input powers were calculated. Table 2 shows the four 
operating conditions used to predict the best set of efficiencies. If the 
entire possible range of efficiencies is considered (0  5 qi I 1) the best 
set of efficiencies predicted by minimizing F follows: q1 = .625, q2 = 
,122, q3 = .236. This solution does not fall within the ranges of 
efficiencies predicted for each individual operating condition. Although 
this set of efficiencies causes the error of the four cases to be small, it 
will give unrealistic estimates of the change in input power with change in 
operating conditions. To improve the estimate of input power for operating 
conditions near the four points used to estimate the stage efficiencies, 
the range of efficiencies considered during the optimization.must be 
restricted so the solution falls within the range of efficiencies defined 
by the individual cases. When the efficiencies considered during the 
optimization are restricted as follows .33 5 ql r .35, .23 I q2 r .27 ,  .18 
< q 5 .22, the following set of efficiencies optimizes equation (4): q = 
.358, q2 = ,233, q3 = .206 (input power predicted by this set of 
1 
efficiencies is listed in Table 2 in the column labeled W Calc). 
In order to insure that the change in input power with operating 
conditions is realistic, the search method was modified slightly. When a 
set of efficiencies is to be found for many cases, first the optimum set of 
efficiencies is found for each case. These efficiencies are then used to 
restrict the range of efficiencies considered during the search. 
6. Results 
The code to estimate stage efficiencies was applied to published 
performance predictions on coolers using the Reverse Brayton cycle (Rotary 
Reciprocating Refrigerator - -  Arthur D. Little [2]), and the Vuilleumier 
(VM) cycle (High Capacity Spacecraft cooler - -  Hughes [3]). Once stage 
efficiencies were found, the input power calculated using the efficiencies 
was compared to the actual input power [ %  Error = (Wcalc/Wactual - I) x 
loo]. 
3 
Rotary-Reciprocating Refrigerator (R ) 
Predictions of input power were provided for 
coolers for a number of loads and temperatures - -  
one, two, and three stage 
the heat rejection 
temperature was 328 K in every case. The single stage results are not 
presented in detail; however, q = .I46 predicts input powers within 15% of 
those presented in reference [2f (figure 7) for loads of 10 W to 40 W at 
temperatures from 100 K to 30 K. 
The two-stage performance curves are presented in ref [ Z ]  (figure 8). 






































































































































































































































































conditions are presented in Table 3. The input power calculated using 
these efficiencies is within 4% of the input power presented in ref [2] 
(figure 8). 
Three-stage performance curves are presented in reference [2] (figure 
9 ) .  The best set of stage efficiencies found for each curve is presented 
in Table 4. Again, the input power calculated using these sets of stage 
efficiencies is within 4% of the input power shown on the performance 
curves. 
High Capacity Spacecraft Cooler 
Off design performance for this cooler is presented in figures 1,2, 
and 3 of reference [ 3 ] .  The program used to prepare the graphs (figs 1,2,3 
Ref 131) was used to generate che operating parameters used to determine 
the stage efficiencies presented in Table 5. The third stage load and 
temperature varied within each group. Consequently, the average set of 
efficiencies was found for each group, then the first and second stage 
efficiencies were fixed at the average values and the third stage 
efficiency was found as the third stage load and temperature changed. 
% Error 
Range 
Table 4. Average stage efficiencies for three-stage R 
3 
7. Summary 
A method to determine stage efficiencies of multi-stage coolers has 
been presented. Using this method, the efficiencies can be determined 
knowing only the operating conditions (input power, and heat reject 
temperature; and each stage cooling capacity and temperature). Since 
there are many sets of efficiencies which will make fk very small, some 
judgment m s t  be used to get results that will provide accurate input power 
predictions for large changes in system parameters. Using this method, 
stage efficiencies can be estimated without having access to detailed 
design information. Once stage efficiencies are known, system trades can 
be preformed easily. 
X Err 
Table 5. Stage efficiencies for High Capacity Cooler (To - 320 K) 
Sets of efficiencies were found for the two-stage Reverse Brayton 
cycle; and three-stage Vuilleumier, and Reverse Brayton cycles. These sets 
of stage efficiencies predict input powers within 4% of the input powers 
presented in published performance curves [2,3]. 
Although the individual stage efficiencies presented in Tables 3, 4 
and 5 seem high, the entire system efficiency predicted by the stage 
efficiencies is consistent with the system efficiencies presented by 
Strobridge [I]. For example consider the fourth entry in Table 5 ( q  =.357, 
7 =.204, q =.069). In this case system efficiency (defined as 1 2 3 
'carno tPac tual ) is .056. 
8. Recommendations 
The method should be used to quantify existing coolers - -  once the 
coolers are quantified, trade studies can be performed easily. 
The method to determine the best set of stage efficiencies can be 
improved by considering both the change in input power with respect to the 
operating conditions, and the input power itself. The change in -n 
(2) with the change in 4 . . .  $n, and Q1 . . .  Qn should be derived. IF 
addition to finding a set of stage efficiencies which satisfies equation 
( 4 ) ,  the set of stage efficiencies should also force the observed change 
in input power to equal the calculated change in input power. 
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CLOSED LOOP TEMPERATURE CONTROL FOR IR SYSTEM APPLICATIONS 
G.M.HUGHES ELECTRONICS, TORRANCE, CA 90505 
In many circumstances precise control of the cold end of 
a cryocooler offers advantages to the user. We at Hughes have 
been adding such closed loop temperature control using pulse 
width modulation to our miniature cryocoolers. This paper 
will discuss the method and its consequences. 
Key words:cryogenic coo1er;feedback;temperature control; 
electromagnetic interference. 
Introduction 
The Thermal Products product line of Hughes manufactures 
a variety of cryogenic coolers in high volume primarily for 
tactical IR sensor cooling applications. These are 
principally single stage Stirling coolers of 0.25 to 2.5 watt 
cooling capacity at 80K. They are used to cool detector 
dewars containing arrays of infrared sensitive semiconductor 
elements. We are interested in temperature control because 
it allows the optimization of the detector radiometric 
performance in the system. In addition, temperature control 
eliminates the excess refrigeration usually generated in order 
to meet the cooldown requirements imposed by the system 
designers. 
Our approach was to include the control circuitry within 
the present volume of our coolers to simplify retrofit of 
existing systems. We chose a pulse width modulation scheme as 
opposed to linear regulation for control because it resulted 
in a power savings as well. With PWM the motor is 
disconnected during part of the dutycycle which reduces the 
average input current and results in a lower rotational speed 
of the compressor. In temperature control we arrange it so the 
compressor slows when it cools below the desired control point 
to a rate sufficient only to maintain that temperature. An 
illustration of a cooldown to the temperature control point 
and the resulting cutback in power for one of our one watt 
capacity rotary coolers is shown in the Figure 1. 
The implementation of temperature control has many side 
benefits. It reduces heat rejection to the system as well as 
power draw from the system supply. Similarly, acoustic noise, 
vibration levels, and low frequency~electrical noise decrease. 
Indications are that cryocooler life also increases because of 
the decreased linear travel of bearings and seals. The main 
disadvantage in our sensitive IR application is that attention 
has to be paid to the suppression of EMI. 
1 WATT ROTARY COOLER 
PERFORMANCE CURVES 
I 
0 I I I I I 
0 4 8 12 16 20 
ELAPSED TIME (MINUTES) 
POWER in - - 
5 0 5  s 
Figure 1. Temperature and power evolution for 
a one watt capacity rotary cooler with 
and without temperature control. 
- 
- 
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Implementation 
ti 





Since the circuit had to fit within the cooler it had was 
designed with a minimum number of components and built as a 
hybrid circuit (where unencapsulated parts are used and the 
circuit is encapsulated as a whole to minimize size). In this 
case the hermetic hybrid package could be omitted because the 
contamination requirements for the circuit [I] are already 
provided by the cryocooler environment. 
The circuit consists of three primary parts:analog 
control section, motor driver section, and input power filter. 
These are shown schematically in Figure 2. We begin with the 
analog section, which provides the closed loop temperature 
control for the cooler. It consists of a diode temperature 
sensor on the cold end of the expander, a voltage reference 
for a setpoint, and a sense amplifier for comparing them. The 
use of a diode as a temperature transducer has been 
extensively investigated.[2] We have used both 1N914 silicon 
diodes and the BE junctions of 2N2222 NPN silicon transistors 
because they are already provided on the arrays of commercial 
detector dewars. They have slopes of approximately 2 mv/K and 
an output of about a volt at 80K. Since there is an interface 
between the array and the expander coldfinger, as shown in 
Figure 2, the sensor is not in direct contact with the cooler 















Figure 2. A schematic of the cryocooler control loop. 
The diode voltage is buffered by a differential amplifier 
with unity gain. A sense amplifier with a gain of about 250 
compares the diode output with a setpoint derived from a 
temperature stable reference voltage source. Because of the 
high gain, and because the output can swing only about two 
volts between maximum and minimum speed l*~tops~~, the sense 
amplifier is in a linear region for only a very small range of 
diode voltages. . The output of the sense amplifier provides 
the duty cycle control level of the pulse width modulator. 
The compressor is driven by a typical brushless DC motor. 
Six transistors in three totems with a delta or wye motor 
connected across their taps are fired in a commutation 
sequence determined by Hall effect position sensors. To 
implement demand control, the relatively slow commutation 
signals are combined with the high frequency pulse width 
modulator output to produce the total control signal. The PWM 
turns the current on and off hundreds of times in each 
commutation state. The fraction of time that the current is 
on is determined by the width of the pulse, which is in turn 
determined by the output level of the analog section. The 
greater the average current the higher the rotational speed of 
the compressor and the greater the refrigeration. 
We will now turn to the last major section, the input 
power filter. Since the input current has to be completely 
interrupted to achieve efficient power control, it suffers a 
serious modulation that is an unacceptable noise source for 
the infrared systems. The input current flow can be smoothed 
by adding an LC filter between the input and the motor. 
These have been thoroughly investigated for DC to DC 
converters. [3] Since the volume of the filter is inversely 
proportional to its resonance frequency, and the switching 
frequency has to be much higher than the resonance for 
effective filtering, it is desirable to make the switching 
frequency as high as possible. In our circuits the switching 
frequency has to be above 50Khz because of the limited volume 
available for the electronics. 
Temperature control 
The degree of temperature control is primarily determined 
by two factors, the "gain1# of the loop and the shift of the 
setpoint with ambient temperature. These can be deduced from 
the cooler control curves illustrated in Figure 3. The gain 
of the loop is the numerical factor by which the control loop 
divides the usual response of the cooler to a stimulus because 
it can counteract the response by adjusting the input power. 
We can estimate the open loop gain by considering the response 
to a substitute control signal applied to the analog circuit 
input. If we decrease the input voltage by 4 millivolts while 
idling at minimum speed in control at 80K (1.063 V at 23C in 
Figure 3) we would completely turn on the power. 
1.055 1 .060 1.065 1 .070 
DIODE VOLTAGE (V) 
Figure 3. Input power versus diode control voltage 
at several ambient temperatures. 
This would correspond to the full power case illustrated in 
Figure 1, where the cold end is approximately 40K colder in 
temperature. The delta T is equivalent to an 80. millivolt 
rise in voltage on the sensor, a twentyfold return on the 
stimulus. The open loop gain is therefore about twenty. 
The shift in setpoint is also shown in Figure 3, where 
the control curves are given for a range of input 
temperatures. The shifts are traceable to a combination of 
temperature dependence of the reference voltage source and 
input offsets of the sense amplifier. 
The plot can be used to understand the shift in the diode 
temperature with a change of ambient temperature from low to 
high illustrated in Figure 4. The cooler needs more power to 
maintain 80K on the cold end when the compressor and dewar 
assembly are at a high ambient temperature, so the diode must 
warm slightly to generate the necessary control signal to 
produce that power. In addition, the setpoint voltage shifts 
and causes the cooler to control the thermometer around a 
temperature that is not 80K. The total shift is a combination 
of both effects. 
One can make a similar argument for the cooler response as 
it approaches the end of its useful life. As it ages, the 
bottom temperature increases and the refrigeration drops off 
because of lost gas, higher levels of internally generated 
75K - 
85K - INPUT POWER - -40 
- 30~iz 
- 20% 
10 8 5  
TIME-+ 
Figure 4. Temperature control during ambient 
temperature change. 
contaminants, increased drag, or other factors. In closed 
loop control the effect one would have had in open loop is 
divided by the gain, resulting in the necessary increase in 
power with no appreciable change in diode voltage to provide 
the needed control. 
Time response 
Another aspect of interest is the response time. of the 
feedback loop. In cryocoolers the response is unusually slow 
because the expander cools at a rate determined by the cold 
end heat capacity divided by the refrigeration rate, which is 
on the order of the cooldown time. In addition, the extended 
interface between the coldfinger and sensor results in a 
complex delay to this basic lag. 
A manifestation of the slow response is illustrated in 
Figure 5, a measurement of the small step response of the 
cooler in closed loop to a change in the setpoint. The step 
was introduced by adding a small voltage to the diode voltage 
at the input to the circuit. This eventually caused the 
circuit to slow down until the sum of the diode signal and the 
perturbation returned to the original control value. The slow 
response illustrated in Figure 5 insures that there will be no 
short time noise in the detector due to the control of the 
cooler. However, a disadvantage of the slow and distributed 
response is the accompanying phase delay of finite frequency 
perturbations to the loop. If the phase delay of the 
perturbation exceeds half a cycle in addition to the inversion 
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Figure 5. Step response to a 
non-saturating offset. 
than one, the perturbation feeds back on itself and the 
circuit will oscillate about the control temperature. During 
our breadboard phase this instability was observed for our 
cooler in a detector dewar for gains an order of magnitude 
larger than we currently use, which shows that there is a 
limit to the gain and tightness of temperature control as we 
have implemented the loop. The damped oscillations in Figure 
5 indicate that at present the circuit has a phase margin at 
unity gain of about an eighth of a cycle. This control 
behavior is quite adequate for our present applications. 
The damped oscillation is characteristic of a two 
timeconstant response. Dynamic signal averager results 
indicate that this is approximately correct, but that the true 
behavior is more complex because of the distributed thermal 
response of the cold end of the system. 
Electromagnetic Interference 
One potential problem in providing temperature control 
for cryocoolers is the resulting EMI. Two avenues will be 
discussed, the input current and temperature sensor lines. 
The current variations are measured with a current probe 
around either of the power leads between the power supply and 
the filter. The result is shown for a rotary cooler in Figure 
6. There are low frequency modulations related to the 
1 AMP , 
FREQUENCY (kHz) 
Figure 6. Current spectrum for a one watt rotary cooler. 
operation of the coolers that have nothing to do with 
temperature control. The input power filter does nothing to 
affect these and the levels are the same as if temperature 
control were absent. At slightly higher frequencies one finds 
currents due to the "ringing8@ of the input filter, which is 
driven by discontinuities in the motor current. At higher 
frequencies yet we find the residual current ripple due to the 
pulse width modulation that the input filter was added to 
suppress. This has been attenuated by several orders of 
magnitude by the filter. Not shown is a smaller broadband 
response in the megahertz range due to transients associated 
with the leading and falling edges of the PWM pulses. These 
can be eliminated if necessary with transient absorbing 
filters. 
The temperature sensor is a conduit for EM1 into the IR 
system because it is typically located in close proximity to 
the sensitive cold electronics, and the resulting capacitive 
coupling between them provides a path for high frequency 
signals. The 'source of the noise can be understood by the 
following model: In a typical system, both the cooler power 
supply and the detector dewar electronics are in some way tied 
to the system ground plane. When power flows to the cooler 
from the supply some of it tries to capacitively return to the 
supply through the detector and the groundplane. An example 
of the noise that can occur is provided in Figure 7, which 
shows the diode signal relative to the cooler case. The diode 
signal carries vestiges of the switching transients that 
Figure 7. EM1 on the temperature sense leads. 
delineate the edges of the pulse width modulation discussed 
above. To minimize these transients it is necessary to reduce 
their initial size by careful circuit design. The circuit 
common must be as close to the case ground as possible to make 
sure that the minimum signal occurs across the capacitance to 
the detector. The diode leads have to be filtered relative to 
the case at the input to the differential amplifier and the 
case has to be tightly connected to the system ground. These 
steps have been sufficient for noise free temperature control 
in a variety of IR systems. 
The coupling discussed assumes the simplest scenario in 
which the cooler is directly connected to a typical commercial 
detector dewar, which has the diode centrally located near the 
sensitive IR detector elements. In some systems the problem 
has been circumvented by adding a buffer circuit between the 
cooler and the diode to provide filtering as well as scaling 
and offsetting. If the detector design were not fixed, the 
problem could be eliminated by minimizing the capacitance 
between the sensor and its leads and the sensitive area to be 
cooled. 
SUMMARY 
The addition of temperature control by means of pulse 
width modulation has been implemented within the volume of our 
miniature cryocoolers. Control of the temperature to within a 
few degrees of the setpoint over a variety of conditions has 
been achieved, accompanied by decreases in power and heat 
rejection. In our application the implementation requires 
internal filtering and a good electrical ground for the 
compressor case to eliminate-EMI. 
Special thanks to Dave Giguere, Stan Spencer, Gene 
Wilcox, Dave Goldenberg, George Altemose, and Tom Goodman for 
their contributions to this work. 
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VIBRATION SPECTRA OF A G-M CRYOCOOLER WITH VARIOUS POWER SUPPLIES. 
Moses Minta 
Jim Stolz 
Varian Associates, Santa Clara, California, 95054 
Introduction: 
Gifford-McMahon cryocoolers are predominantly used as high vacuum 
pumps in the semiconductor processing industry. In this applica- 
tion, the cold head is normally bolted to a processing equipment 
housing which is invariably of substantial mass, Consequently the 
input vibration from the cold head is attenuated. Also low 
frequency vibrations causing rigid-body motions do not affect 
wafer handling. Recent advances in semiconductor processing 
equipment design have evolved into lighter, more compact systems 
with small footprints. Also refined designs of control mechanisms 
for handling wafers at the various processing stations in the 
equipment have made the systems more susceptible to vibrations 
from the cryocooler. 
Further, in high vacuum applications, there are still a few appli- 
cations such as scanning electron microscopy where G-M cryocoolers 
have not been used, even though they are the preferred vacuum 
source based on reliability and cost considerations. The level 
of the inherent vibration associated with the cryocooler precludes 
its use in these applications. 
Recent developments in SQUIDS and high critical temperature super- 
conductivity open up the potential for other extensive appli- 
cations of two-stage G-M type cryocoolers in the sensor cooling 
industry. The reliability record makes them an attractive 
industrial cooler. However, the use of these cry0~001ers 
invariably requires close-coupling and therefore vibration caused 
by the cooler becomes a potential limitation to its use. 
These issues have raised the need to investigate the vibration 
characteristics of the G-M cryocoler. The objective of the work 
reported here was to determine the lowest level of vibration 
attainable with G-M cold heads without substantial redesign or any 
sacrifice in the traditional reliability of the G-M cooler. The 
use'of D-C motors was not considered an option. 
This report summarizes results of laboratory measurements designed 
to identify the mechanisms for generating the cryocooler 
vibrations; quantify the contribution of each mechanism.to the 
overall level of cold head vibration; determine the dominant 
source(s) of vibration and evaluate simple options for eliminating 
or reducing the vibration due to these sources. 
Procedure : 
The sequence of laboratory measurements adopted was intended to 
provide information on the effect of the following possible 
sources of vibration: expander drive motor; expander drive 
mechanism - the interaction between the cam and scotch yoke, 
scotch yoke and bushing; the process gas intake and exhaust; and 
the mechanical valves. 
The effect of the drive motor alone on the 10 K station was first 
investigated by attaching the motor to the expander drive housing. 
Subsequently, the cold head was built-up by sequentially adding 
the cam, the valves, the scotch-yoke and the displacer: measuring 
the vibration level at each step. 
Measurements were also made with no gas flow to the expander (but 
with the expander drive motor running), during the cold head 
cooldown period, and after complete cooldown. 
The effect of mechanical tolerances was investigated by testing 
several combinations of cams and scotch-yokes of known dimensions. 
The vibration levels of several drive motors were also measured. 
In addition to the standard single-phase ac synchronous motor 
conventionally used for G-M cryocoolers, a three-phase synchronous 
motor was tested. Further, a SCOTT.-T power supply was tested with 
the single phase motor. 
All the laboratory measurements were made using two general purpose 
low impedance piezoelectric accelerometers: the first was chosen 
for its high sensitivity and electrical ground isolation; the 
second was chosen for its l w  frequency response characteristics. 
The signal from the transducer was processed using a charge 
amplifier and then fed to a spectrum analyzer. The laboratory 
measurements were made with the accelerometer attached to the 
second stage heat station of the cold head. 
 isc cuss ion of results: 
The following is a qualitative summary of results extracted from 
the vibration spectra. The vibration spectra shown in the figures 
are voltage analogs of the acceleration. The Tables include 
displacement data calculated from the acceleration data by double 
integration of the acceleration. 
(a) Free body measurements: 
Figure 1 shows a typical vibration spectra for the single phase ac 
synchronous motor with characteristic peaks at 120 Hz and 240 Hz. 
The SCOTT-T power supply reduces the amplitude of the 120 Hz 
vibration camponent but othemise maintains the general shape of 
the spectra. The three-phase power supply configuration shows an 
overall vibration amplitude reduction (Fig.2). The peak vibration 
also occurs at a higher frequency. The vibration reduction 
STANDARD POWER SUPPLV 
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FIG. 1 VlBRATlON SPECTRA O f  COLD HEAD ON TEST STAND 
levels at the lowest frequency obtained with the three-phase motor 
configuration varied from a minimum of 2 to over 10. Sample data 
is tabulated on Table 1. The combined effect of the amplitude 
reduction and the shift of the peak amplitude to a higher 
frequency results in a much higher vibration signal attenuation 
at the system level as discussed presently. 
TABLE 1: VIBRATION AMPLITUDE-FREE BODY MEASUREMENT AT 10K STATION. 
POWER SUPPLY FREQUENCY ACCELERATION DISPLACEMENT 
(Hz) (w) (micro-in) 
STANDARD P/S 120 
240 
SCOTT-T P/S 12 0 
240 
Free-body-measurements also indicate that the dominant source of 
vibration at the level being considered is the expander drive 
motor. While the motor itself produces a low level of vibration, 
the loading condition dramatically increases the vibration level. 
Figure 2 shows a five-fold increase in the vibration amplitude at 
160 Hz. The mechanical components of the expander drive unit 
affect the overall vibration level by contributing to the load on 
the drive motor. Similarly, the effect of gas flow and the 
mechanical valves on the vibration level is not significant at 
the amplitude levels measured. 
(b) system level measurements: 
In order to investigate the dynamic characteristics of the cold 
head, measurements were made on two semiconductor processing 
equipments each of which integrated a cold head to provide its 
high vacuum requirement. Both systems depend on gravity to hold 
the wafers in place for processing. 
On the first system (an in-line cater), slight modifications are 
made to the processing stations to accomodate changes in wafer 
size. These changes affect the resonant frequencies of the wafer 
handling tables resulting in vibration severe enough to upset the 
delicate wafer balance. Typically with the conventional power 
supp+y, the vibration level was high enough in 20% of the 
machines for the wafers to fall off the handling tables. 
Initial vibration meaurements identified a resonance effect at 
120 Hz as the source of the problem (Fig 3). Stabilizing the 
phase of the power input and thereby minimizing the 120 Hz 
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FIG. 3 VlBRATlON SPECTRA OF WAFER PROCESSING 
EQUIPMENT AT ENTRY COCK POSITION 
vibration level reduced the vibration amplitude from 100 to 19 
micro-inches (Table 2) and effectively eliminated the wafer 
 walk" problem. 
TABLE 2: VIBRATION AMPLITUDES AT THE ENTRY LI)CK POSITION 
OF A WAFER PROCESSING EQUIPMENT (IN-LINE COATER). 
POWER FRFQUENCY ACCELERATION DISPLACEMENT 




R-C VALUES 240 
SCOTT-T 
* Optimizing for vibration performance sacrifices torque. 
The second system was a prototype sputtering machine designed with 
constraints aimed at low particulate generation and increased 
TABLE 3: VIBRATION AMPLITUDE OF A WAFER PROCESSING 
EQUIPMENT - SPUTTERING SYSTEM. 
POWER SUPPLY FREQUENCY ACCELERATION DISPL?iCEMENT 
(Hz) (w) (micro-in) 
* STANDARD P/S 
* SCOTT-T P/S 
(a) 50 Hz 100 
2 00 
* 3-PHASE P/S 120 
175 
(60 Hz) 200 




SCOTT-T POWER SUPPLY 
* 8 
THREE-PHASI CONFtGURATlON 
6 - (0xpmd.d 8cd8) 
4 
2 
SO 100 1 SO 200 250 
FREQUENCY (Hz) 
FIQ. 4. VIBRATION SPECTRA OF COLD HEAD ATTACHED 
TO WAFER PROCESSING EQUIPMENT 
wafer throughput. Simultaneously, the equipment footprint was 
reduced to take up less clean room area. Consequently, the level 
of vibration from the standard power supply, even with the stabi- 
lized phase configuration, could not be tolerated (Table 3). The 
initial thrust was to develop a vibration isolation interface to 
address the vibration problem. Vibration measurements on the 
system revealed that: . The low frequency vibration due to the displacer reciprocation 
(1.2 Hz) was not the problem: it caused a rigid body motion 
effect on the total system. . The problem frequency was at about 120 Hz although any signi- 
ficant input vibration between 100 and 120 Hz induced severe 
vibration of the wafer. 
The use of the three-phase motor configuration effectively 
resolved the problem by mismatching the system natural frequency 
and the forcing frequency from the motor (Fig. 4). Shifting the 
peak signal frequency to a higher value causes signal attenuation 
assuming the typical transmissibility curve for a single-degree- 
of-freedom system. 
(c) Expander drive motor effect 
The motor used for the product is a standard 72 rpm ac synchronous 
motor. This motor requires a two phase power input with a 90 degree 
phase shift. Typically, an R-C phase shift network is used to 
produce an approximate 90 degree phase shift. This phase difference 
changes with motor load (because the phase impedance of the second 
winding varies with motor load). This results in motor torque 
modulation and hence motor vibration. Another source of motor 
vibration results from changes in torque as the rotor poles move 
relative to the stator poles. The force between the rotor and 
stator poles is maximum when the poles are close to alignment and 
decreases as the poles move away from each other. A given rotor 
pole moves from one stator pole to the next in one cycle of the 
60 Hz ac line. During this cycle, the motor torque goes through 
two cycles of variation because the motor torque is the sum of the 
torque from each of the two phases. Consequently the resulting 
motor torque modulation due to pole motion causes vibration at 
120 Hz and its harmonics. 
In order to stabilize the two phases, a SCOTII-T arrangement which 
converts three phase input power to a two phase drive is used. The 
resulting 90 degree phase shift is independent of motor loading or 
pole motion effects. The 120 Hz vibration source is therefore 
significantly attenuated. However, vibration signals at other 
frequencies are not affected. 
By contrast, the three-phase motor has three windings instead of 
two and its poles are closer together. The windings are also 
driven by three stable phases accurately spaced 120 degrees apart. 
The motor torque obtained from summing the torque from the three 
phases is therefore less modulated. Consequently the vibration 
signature of the three-phase motor is significantly different: 
the vibration peaks are low in amplitude and the highest peak 
occurs at a higher frequency. 
conclusion: 
The focus of this work has been to reduce the intrinsic vibration 
associated with the G-M cold head to an atirreducible minim1I and 
thereby facilitate its use in a wider range of applications, 
without the need for a vibration isolation interface. For such 
applications, a three-phase motor chosen with a liberal capacity 
margin will offer a low overall vibration level. F'urther, in 
cases of known problem frequencies, efforts to mismatch the system 
problem frequency and the peak vibration frequencies (ie the 
exciting force frequencies) of various motors can result in overall 
system simplicity while eliminating the vibration problem. 
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ABSTRACT 
A well-recognized technology issue for some space applications is the 
avai labi 1 i ty and sui tabi 1 i ty of cryocool ers. A less-documented issue is 
the extent to which the system used to connect the cryocooler with the 
cooled i nstrument affects the requi red cool ing capacity and operating 
temperature of the cryocooler. The connecting system is a thermal bus 
having four thermal functions: transport, switching, storage, and 
interfacial contact. The elements of the bus can be modeled to evaluate 
the impact of various bus configurations on cryocooler performance and to 
investigate strategles for optimizing system performance. This paper 
describes an analytical approach for evaluating thermal bus/cryocooler 
interactions: thermal bus option trees are developed and systematical ly 
appl ied to a hypothetical system in which redundant mu1 ti temperature 
cryocoolers are to be connected to loads at 10K and 80K. Results show the 
effect of bus element performance and bus configuration (e.g., length) on 
system thermodynamic efficiency. 
INTRODUCTION 
The heat transfer system between the cooler sink and a cryogenic heat 
source is a cryogenic thermal bus. Although the thermal issues involved 
are generally straightforward, the technology choices and sensitivities are 
not necessarily obvious. This is particularly true for redundant, distant, 
high load, or very low temperature space cooler applications. A recognized 
problem area is performance degradation that can occur when mu1 tip1 
are tied together at one end as is the case with redundant coolers. f lyUS:S 
systems study of the interaction of components can identify critical areas, 
optima, i f  any, and provide a broader understanding of synergfstic effects. 
The benefit of such study for space applications would be a better under- 
standing of the effect of system design parameters on cryocooler perfor- 
mance requirements. 
Previous work on the topic of the cryogenic thermal bus has been 
1 imi ted. Historically, systems have been simple enough so that the overall 
performance had little effect on cryocooler requirements. The integration 
issues have been typically addressed in the context of well-defined point 
designs on a case b c s basis using measured data for switching and 
interface hrrdware.bt3.b The present work seeks to provide a conceptual 
framework for assessing the thermal bus technology issues. 
THE GENERIC THERMAL BUS 
The low temperature thermal bus consists of elements with four dis-  
t i n c t  functions--transport, switching, storage, and interface (Figure 1). 
Every thermal bus requires a t  leas t  the functions of transport and 
interface w i t h  the basic requirement that  i t s  conductance be suff ic ient ly  
high to  prevent very low temperature operation of the cooler. A t  
temperatures below 20K thermal bus resistance can dramatically increase 
cooler power requirements. The hardware elements for  the cryogenic bus can 
be defined by means of functional analysis t rees  shown in Figures 2 and 3 
which provide a comprehensive menu of possible bus hardware elements. Some 
of the elements may already have been demonstrated: cryogenic heat pipes, 
fo r  example. Others, such as fu l ly  rotating jo in ts  fo r  space application 
of helium gas t ransfer  have not. The performance of various basic bus 
elements have been cataloged based on conductance a t  10K i n  Figures 5 
through 7. Such figures are  only representative since various processing 
techniques and material properties strongly influence the thermal 
performance. Nonetheless some general conclusions can be drawn when 
comparing these figures agatnst cooler penalty of Figure 4. 
In Figure 4, the cooler-to-load allowable conductance i s  plotted as a 
function of Incremental Increase in cooler Input power f o r  various cooling 
loads. For each cooling load the conductance must be above a we1 1 defined 
value in order tha t  l i t t l e  penalty i s  paid. I f  the conductance is too low 
the load can never be cooled. From an entropy point of view this addi- 
tional power is jus t  the los t  work i n  the system and i s  pro o tional t o  the 
entropy generation ra te  of the thermal resistance given by, 'l5! 
where QL i s  the load in watts, TL i s  the load temperature, and U I s  the 
conductance of the bus. 
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Figure 1. Conceptual Cryogenic Thermal Bus 




Ffgure 3. Thermal Interface Option Tree 
Figure 4. Addi t ional  Power Requi red 
by a IOK Cooler Operating 
a t  2% o f  Carnot E f f i c iency  
Due t o  Thermal Bus Resis- 
tance (Rejection Tempera- 
t u re  290K) 
Figure 6. Rela t ive  Performance of 
Ex t r i ns i c  Thermal Switch 
Techno1 ogies 
Figure 5. Rela t ive  Thermal Conduc- 
tance per Un i t  Area f o r  
Various In te r face  Types 
(Reported Ranges) 
Figure 7. Re1 a t i  ve Conductance 
versus Length f o r .So l i d  
Transport Elements 
Interestingly enough, t h i s  i s  the same conductance regime for  thermal 
bus elements of practical avai 1 abi 1 i ty and readily demonstrates regions of 
high power penalty avoidance. In Figure 5 the relat ive thermal interface 
conductance i s  shown. For common bolted contacts the conductance spans the 
range between 101 and 104 w / K / ~ Z  and is  as strongly dependent on surface 
roughness and processing technique as  i t  i s  on applied force a f t e r  the 
i n i t i a l  compression. So for  example a CuICu contact with lo4  W/K allows 
for  about 10 jo in ts  of t h i s  type in a 10W bus before cooler power increases 
sharply, Several poor joints  within the standard range would have a dra- 
matic degrading effect.  As an aside, the u face area has been neglected 
i n  t h i s  example in accordnce w i t h  evidencef31 that  thermal contact resis- 
tance depends not on apparent surface area but on interfacial  point contact 
which is  proportional t o  the applied force. 
Figure 6 shows tha t  fo r  various thermal switching technologies the 
"on" conductance f a l l s  in the power sensit ive asymptotic portion of the 
curve f o r  the 1-w tt load a t  10K indicating the need fo r  care i n  applica- f tion. ~ u s t v e d t ( 6  has shows . tha t  gas gap switch optima can be found for  
systems by trading switch s i ze  against increasing switching ra t io ,  decreas- 
ing resistance, and increasing parasi t i c s .  
Figure 7 compares the conductance of various solid transport elements 
on a normalized mass basis assuming tha t  the 10K load i s  connected t o  a 
sink not s ignif icant ly lower than 10K. I t  is apparent tha t  on a fixed 
weight basis tha t  cooler power can increase significantly f o r  1 engths 
beyond 20-30 cm (not including parasi t ic  effects)  f o r  copper and aluminum. 
Since the mass of a solid transport system would increase as  the square of 
the transport length, heat pipes o r  forced flow gas transport systems 
therefore find appl ication fo r  longer lengths. 
Analysis Approach 
Three approaches can be used t o  analyze a thermal bus. One i s  the 
detailed nodal approach which requires good system definit ion as a pre- 
requisite.  The approach calculates subsystem performance by numerical ly 
evaluating each of the components w i t h i n  a specif ic  s e t  of boundary condi- 
t ions by usi-ng a thermal program such as SINDA. I f  properly applied, t h i s  
method provides the best accuracy but only 1 imi ted insight. Sens i t iv i t ies  
and optima are  d i f f i c u l t  t o  identify unless a large number of cases are  
computed. Another approach is the 1 umped parametric nodal approach. In 
this approach the thermal system is  constructed using scalable data col- 
lected on similar components i n  the regime of interest .  The information i s  
combined analytically o r  numerically t o  calculate thermal performance. 
This approach is relat ively r e a l i s t i c  and more e f f i c i en t  than the detailed 
nodal approach but does not provide much insight into system interactions. 
The l a s t  approach uses a closed form approximate solution which provides 
the leas t  real ism but offers  perhaps the best chance of providing physical. 
insight by dealing w i t h  an entire range of interacting phenomena a t  once. 
T h i s  approach i s  most useful i n  preliminary system studies and is used i n  
the following example. 
Analysis of a Hypothetical Thermal Bus 
A simple yet realistic cryocooler system that illustrates the impact 
of the bus thermal design is a multicooler system using circulating he1 ium 
gas as the heat transfer medium. Such a system is shown schematically in 
Figure 8. An active cooler removes heat from a device at temperature TL. 
Id1 e standby coolers increase overall system re1 iabi 1 i ty but increase the 
cooling load on the active cooler with heat conducted from the environment 
through the helium plumbing. An additional heat load on the active cooler 
is due to heat from the environment leaking through the insulation of the 
active he1 f um system. For a first-order closed form model it is convenient 
to assume that material properties are constant and that fluids obey simple 
property relations such as the ideal gas law. In many cases such assump- 
tions do not change the qua1 itative nature of the solution and permit 
insights into the significance of system parameters. 
Subsystem models. In this case there are only two significant sub- 
system models: the active helium gas transport loop and the inactive, or 
standby, loops. For simp1 ici ty other important subsystems such as heat 
exchangers, couplings, and insulation are not modeled. 
Active system. The thermodynamic model of the active helium subsystem 
is shown in Figure 9. At the cryocooler, helium from a cryocooler enters 
the transport system at pressure and temperature Pi and Ti and is returned 
at a lower pressure P and higher temperature To. For simplicity the gas 
temperature at the in?et of the return line is assumed to be the load 
temperature T2. The temperature difference 6 across the cooled device is 
assumed to be fixed by external (e.g., electro-optical) considerations. I f  
the parasftic heat flux through the insulation is q, the inlet and outlet 
gas temperatures can be solved for directly: 
where P is the outer perimeter of the tubing. 
The pressure drop AP in the gas lines can be calculated using ordinary 
equations for turbulent flow, but recast as a function of tube diameter, Dl 
length, L, and mass flow rate, m, viscosity, p ,  and density p. 
Standb s stems. The standby helium piping can be viewed as a fin 
with '&(te cooled device) and a tip temperature equal to the ' 
temperature of the environment. Using classical solutions for fixed 
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Figure 9. Thermodynamic Model of a Simple Cooler System 
where h is the Insulation radial heat transfer coefficient, n is the number 
of coolers, A is the surface area i n  terms of the inner diameter D, and 
The effective conductivity of the gas transport lines is a weighted 
average of the conductivities of the he1 ium gas and the tubing wall based 
on the total cross section of the tubing. 
The "fin" heat transfer coefficient can be derived using conduction 
for cylindrical she1 1s as 
This implies that 
The particular fin model is an accurate assumption as long-as the 
tubing is long enough and small enough so that parasitic heating 
predominates. This is the case for all tubing diameters considered with 
lengths above two meters and for the smaller tubing diameters in the one 
meter case. 
S stem model. In this case it is useful to model the overall entropy +generation o t e system. Thi s approach allows the effects of parasitic 
heat transfer and gas pressure drop to be considered on a common basis. 
From the Guy-Stodola theorem, the lost work is proportional to the entropy 
generated. The system with the minimum entropy generation will requ r the 
assuming the ideal gas law, is: 
18 minimum input energy for refrigeration. The entropy generation rate , 
Substituting equations for temperatures, pressures, and parasitic heat 
load developed in the subsystem models gives an expression for the entropy 
generation rate as a function of system design parameters (tubing diameter, 
length, etc.) 
11 = IOK TL = BOK 
TH = 3OOK TH = 300K 
Q L ' I W  01 = 10 W 
n = 3 n = 3 
2 - 
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Figure 10. Entropy Generation in a Figure 11. Entropy Generation in a 
10K Crycool er 80K Cryocool er 
Figure 12. Entropy Generation Rate Figure 13. Sensitivity of Entropy 
in a 10K Cooler System Generation Rate to Load 
Is Strongly Dependent for a Single Cooler 
on the Number of Redun- 
dant Coolers 
Results. The system model was used t o  investigate 10K and 80K cooling 
s y s t e n e  input design parameters are  summarized in Table 1. Figures 
10 and 11 show the entropy generation rates  fo r  the two different  systems 
as a function of tubing diameter fo r  various tubing lengths. The entropy 
generation ra te  i n i t i a l  ly decreases with diameter because the pressure drop 
decreases with diameter. However, as the diameter increases, the paras i t ic  
heat t ransfer  a lso increases and ultimately overwhelms the benefits of 
decreased pressure drop. Thus, there i s  an optimum tubing diameter that  
minimizes overall entropy generation and, consequently, mi nimi zes input 
power requirements. As might be expected, the low temperature system i s  
much more sensi t ive t o  parasi t ic  heat loads (and therefore tubing diameter) 
than the high temperature system. Figure 12 shows the e f fec t  of varying 
the number of coolers on the low temperature system. Increasing the number 
of coolers increases the minimum entropy generation ra te  and also increases 
the sens i t iv i ty  of the system t o  variations i n  design parameters. The 
price of increased system re1 i abi 1 i ty  (through redundant coolers) is 
decreased system efficiency. Figure 13 shows the e f fec t  of varying the 
system cool i ng load. Increasing the cool i ng load increases the minimum 
entropy generation ra te  but decreases the sens i t iv i ty  of the system to  
variations i n  mechanical design parameters. 
Conclusions 
Functional analysis t rees  can identify bus elements and modeling o r  
empi r ical  data can characterize the indiviual elements but integrative 
system model s are  necessary t o  optimize system performance. In particular,  
conductance of the cryogenic thermal bus can af fec t  cooler power input by 
appearing as  a sign1 f icant  additional effect ive heat load. Entropy 
generation i s  a way t o  approach the optimization process while taking into 
account various and disparate system ef fec ts  including pressure, mass flow, 
parasi t i  c 1 oads, and thermal resi  stance. The entropy generati on approach 
could be developed beyond the closed form approach t o  form a f i n i t e  element 
model tha t  can take into account the real physical properties of gases and 
metals over the applicable temperature range. 
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Abstract 
The trend in infrared systems is toward larger detector arrays, 
requiring more power and weight for their proper cooling. This is in 
conflict with a simultaneous trend toward miniaturization--which 
demands lower power and weight. Based on the development of high 
reliability Stirling cryocoolers, ICE has redesigned the dewar and 
cryocooler, "integrating" them directly with the detector array. 
In the newly designed structures, thermal savings are achieved in two 
ways: (a) the outside wall of the cold head now serves as the inside 
wall of the dewar; and (b) the detector array is mounted directly on 
the cold head. With this design approach, for example, a Common 
Module, 250 milliwatt, Stirling Cryocooler can be replaced by a 100 
milliwatt package. Use of a low vibration Integral Stirling is 
mandatory. 
Additional power and weight savings, along with increased MTBF, are 
realized through the use of closed cycle temperature control (demand 
refrigeration). Results on power, weight, and cooler performance will 
be presented. 
1. Introduction and Background 
International Cryogenic Enterprises (ICE) Inc., and its wholly owned 
subsidiary, ICE Ltd., have introduced a Stirling Cycle mini-cooler 
product line, encompassing various innovations to improve MTBF, 
efficiency, manufacturability, and maintainability. These products 
are used to cool IR detectors used in Thermal Imaging systems. 
Clearance seal technology is used exclusively, eliminating the 
deleterious effects of plastic dynamic seals. 
Included in this product line is a high reliability 150 mW Integral 
Stirling Minicooler, the MC111B. It serves as the heart of an 
"integrated" approach for redesigning the dewar and detector. assembly. 
The savings in thermal losses drastically reduce power and weight 
needed for cooling the system. All Thermal Imaging systems benefit. 
However, greatest advantages are seen for systems that need to be kept 
small, such as hand-held units, missiles, and RPV's. In the next two 
sections we present the rationale behind our design approach. We then 
discuss data generated with some early prototypes, of value to system 
designers. 
2. Comparison of the "Integrated" vs. the "Common Module" Structure 
Because of the military's poor experience with the reliability of 
cryocoolers, it was originally necessary to develop a packaging 
technique that allowed for rapid removal of the cryocooler with 
minimal disturbance to the IR detectors and the dewar used to house 
them, Thus the "Common ~odule" dewar was created. It has a 
standardized inner wall with a precision bore. In that way the cold 
head of the cryocooler of multiple manufacturers can be inserted and 
removed without breaking into the dewar and detector assembly portion 
of the system. We can appreciate where savings in thermal cooling can 
be achieved by studying the schematic diagram of the Common Module 
dewar/cryocooler assembly shown in Figure 1. ( A  sapphire window is 
shown for a 3 - 5 micron application.) 
Table 1 lists the typical thermal losses associated with the cooling 
provided by a "0.25 Watt" cryocooler. There are two major thermal 
losses from this construction where, potentially, savings can be 
achieved. One is in the region of the "thermal coupler," which is 
where heat is "coupled" out of the dewar/detector region to the cold 
head. This is realized in the form of either a spring loaded contact 
mechanism, a bellows mechanism, or a "fuzz-button", composed of steel 
wool and thermal grease. Integration losses for the coupler typically 
are about 100 mW for the standard 0.25 Watt Common Module assembly. 
The second opportunity for savings is the dewar losses. These include 
about 50 mW conduction losses for the inner bore of the Common Module 
dewar . 
One eliminates these two major regions of thermal loss by using an 
"integratedf' construction, as can be seen schematically in the left 
hand side of Figure 2. If one mounts the infrared detector array 
directly on the cold head, and places the detector cold head assembly 
under and inside the envelope of the dewar, one now has achieved a 
savings of about 150 mW in thermal losses, as shown in Table 2. Not 
having an inner bore of the dewar to cool saves about 50 mW of 
conduction losses. We refer to this sonfiguration as an Integrated 
Cooler Dewar Detector Assembly or ICD A.  (There will still be some 
losses in the mounting interface between the detector and the cold 
head. Also the wires, as shown on the left hand side of Figure 2, 
will have slightly greater losses because they are shorter.) 
The Common Module dewar, because of its tightly specified inner bore, 
is an expensive part, a source of lea s with low manufacturing yield. 4 In the process of changing to the ICD A configuration, we have also 
decreased the cost of construction of the total assembly. 
We have reduced the overall cooling power required by about 60 to 70%. 
Because of this, the cryocooler needed will be ~onsiderably reduced in 
its overall size and weight. Basic to this ICD A approach is the use 
of a cryocooler with enough reliability to begin the assembly 
procedure. Assuming that, the simpler and more rugged dewar will 
increase the reliability of the total assembly. 
3. Choice of Cryocooler Type 
There are two major categories of Stirling minicoolers in use in the 
cooling of IR detectors. These are the "Integral" and "Split" types. 
In the Integral Stirling, the compressor and the expander are attached 
to the same crankshaft. In the Split Stirling there is a gas transfer 
line connecting the compressor to the expander/displacer cold head, 
but which is now a free piston. One reason the Split Stirling design 
was introduced was in order to reduce the effects of microphonics. 
This is because, in the Integral Stirling construction, by sharing the 
same crankshaft, microphonics generated by the compressor are 
transmitted to the tip of the cold head where the infrared detector 
array sits. Such vibration can be unacceptable from the standpoint of 
an IR thermal imager depending on the resolution required. The 
"Split" Stirling transfer line volume, which lowers its efficiency, 
"buffers" the expander/displacer section from excessive vibrations of 
the compressor. However, it also introduces a "free-piston", whose 
dynamics must be properly "phased" with respect to the compressor with 
an appropriate linear damping mechanism, and it does still show some 
microphonics. 
In the "integrated" approach, we are mounting the infrared detector 
directly on the end of the cold head. We need to worry about the 
Split stirling's free piston, which cannot be guaranteed not to hit 
the end of the cold tip. With the Integral Stirling we know that the 
total distance traveled by the piston in the cold head is controlled 
by the crankshaft and can be guaranteed not to actually hit the 
detector. From the standpoint of reliability and efficiency, the 
Integral Stirling is definitely preferable to the Split Stirling 
construction. 
Thus, if we can develop an Integral Stirling minicooler that has truly 
low microphonics in it 9 compressor, then the Integral is the preferred 
type to use for an ICD A structure. The next section discusses the 
characteristics of the ICE MClllB minicooler which operates in the 
nominal 150 mW cooling power region. We then will discuss some of the 
vibration and acoustic properties. 
4. ICE MClllB Minicooler--Operating Characteristics 
Table 3 presents the preliminary specifications of this cryocooler. 
Figure 3 shows a photograph of this unit. A prototype of the 
minicooler has been integrated into an ICD~A unit as is shown in 
Figure 4. Its construction is with a simulated detector array, 
composed of a 1 kohm resistor as a thermal load, and a thermister type 
N2222A to measure temperat re. Figure 5 shows the configuration Y control drawing of the ICD A. We report in this publication the 
results of ongoing measurements, both on the MClllB cryocooler with a 
"static" (sealed) dewar and other experiments with a "dynamic" dewar 
(where a metal dewar is attached to a pump to maintain the appropriate 
vacuum). 
Figure 6 shows the typical input power vs. ambient temperature 
necessary to cool a thermal load of 50 mW and where we maintain the 
cold tip temperature in the 77 to 80 K range. It will be seen that at 
23 C, this input power is under 6 W input power. In Table 4, we see 
the input power vs. ambient temperature for two extremes of 
temperature. Here we have allowed the cold tip temperature to vary. 
We see that even at the +75 C ambient region we can maintain a 71 K 
cold tip temperature with an input power of less than 10 Watts. 
We have operated these cryocoolers at various input voltages, and made 
measurements on cooldown times and power input as is shown in Tables 5 
and 6. As expected, one can speed up the cooldown time by running the 
cryocooler "harder." In looking at the power requirements for higher 
total heat loads, we see in Tables 7 through 10 the results of 
operating the same cryocoolers with heat loads of 95 mW and 145 mW, as 
opposed to 50 mW. 
We have also developed for our line of minicoolers a Closed Cycle 
Temperature Control (CCTC) circuit, and have applied it to the ICD*A 
package. The use of CCTC (sometimes referred to as "Demand Refriger- 
ation") is now widely recognized as having extensive advantages for 
operating such cryocoolers. This includes: (a) positive control of 
the detector array temperature, to some specified range; (b) lower 
average input power, yielding greater efficiency; (c) lower acoustic 
noise, because the system is run at a lower duty cycle; and (d) 
potentially improved MTBF, for the s me reason. In Table 11 we show it operating characteristics for an ICD A set up with CCTC. and a static 
dewar, with a heat load of about 20 mW. We see from Table 11 that, at 
ambient, one achieves an 85 K cold tip temperature (a requirement of 
one of our systems users) with an input power of under 5 Watts. Even 
at the higher ambient of 52 C, the input power stays under 6.5 Watts. 
5. Higher Temperature Operation 
Use of the MClllB minicooler for i frared detector cooling is not just 4 limited to the 77 K region and ICD A structures. In Table 12 we show 
some of the spectral regions for various popular infrared detector 
materials and their operating temperature ranges. Other ranges of 
interest are not just the 60 - 80 K region, but also 100 - 120 K and 
150 - 200 K. 
For example, Indium Antimonide (InSb) for some detector suppliers, 
wants to be operated at 65 K so that it can be impervious to 
temperature variations. For various applications it can be operated 
in the photoconductive or photovoltaic mode, and without too much loss 
of detectivity (D*) in the 100 - 120 K range. 
Indium doped extrinsic Si can operate with good D*, but one must 
remain below 50 K. Mercury Cadmium Telluride (MCT or HCT), when used 
for detection in the 3 to 5 micron region, and shorter wavelengths, 
can be operated at higher temperatures of 150 - 200K. 
Where possible, the MCT utilized at 190 - 200 K is operated with 
multistage thermoelectric cooling. Similarly, lead selenide operates 
in this higher temperature region. However, in many cases the thermal 
loading becomes excessive. Then even with multistage thermoelectric 
coolers the system goes unstable because of thermal runaway, and/or 
liquid coolants must be used to pump the heat away from the thermo- 
electric module. This requires a mechanical pump, thus losing the 
advantage of "no moving parts" for thermoelectrics. In any event, 
lowering the detector temperature to the 140 - 160 K region greatly 
enhances the system's Signal to Noise Ratio. 
2 The MClllB, particularly as part of an ICD A structure, can provide an 
alternate and highly acceptable solution. Figure 7 shows the input 
power typical for a 50 mW heat load with the cold tip in the 55 K to 
70 K range. Figure 8 extends this range to the 95 K region for the 
cold tip,showing the lowering of input power needed to achieve the 
same cooling of 50 mW. In Figure 9, which covers the 110 K to 150 K 
range for the cold tip, we see how the input power drops to about 3 W 
for a 140 K cold tip temperature. All this data is measured without 
the benefit of Closed Cycle Temperature Control (CCTC). 'We can expect 
further lowering of input power, perhaps as much as 15 to 20%, with 
the use of such Demand Refrigeration circuitry, 
6. Self-Induced Vibrations 
As mentioned earlier, a central issue a sociated with the use of an 9 Integral Stirling cryocooler for an IcD A structure is microphonics. 
The MClllB has been designed specifically to minimize vibrations and 
acoustic noise. 
Using a calibrated optical microscope, measurements were performed on 
the transverse vibration in the detector plane. It was found that the 
maximum transverse vibration of the cold finger was less than 4 
microns peak-to-peak ( 2  2 microns), within the accuracy of the 
microscope. Since the typical size of a detector is 25 to 30 microns, 
we can see where this vibration represents a small fraction of the 
optical "footprint" on the detector. 
Additionally we have also carried out preliminary experiments on the 
self-induced vibration of the MClllB cryocooler using a simple 
"optical lever." Two measurements were made. In the first, the 
cryocooler was a tached to a plate whose mass had a moment of inertia 5 of 1.5 oz-in-sec . This simulated the moment of inertia of a 
particular gimballed FLIR system of interest. As shown in Figure 10, 
a laser be m was reflected off the front of the detector array region 9 of the ICD A to a distance 10 meters away and the spot size at the 
"target" was measured both with the cooler on and the cooler off. 
The laser beam spot diameter before the motor was turned on was 20 mrn, 
and after it was turned on, 21 mrn. This is within the experimental 
error of the setup. The self-induced vibration had been damped out by 
the "simulated" system's inertial mass, and therefore not 
"measurable. " 
The experiment was then repeated by suspending the cryocooler by a 
string, without the additional inertia mass simulating the system. In 
this case, the beam displacement due to turn-on of the cryocooler, was 
an additional 15 mm at a distance of 10 meters. This corresponds to a 
total peak to peak angular beam spreaf of 0.75 milliradians, ue to 
the sel f-induced vibration of the ICD A. That particular IC$A 
package has a measured moment of inertia of 0.0693 oz-in-sec . Thus, 
for a system such as described above, yhose moment of inertia is 
approximately 22 times that of the ICD A, the self-induced vibration 
corresponds to 2 17 microradians. Effectively, for that gimballed 
systey, the degrad tio ue to the self-induced vibration becomes 
[(loo + 17*)/(100 ' ) ]  "/', or less than 1.5%. This is considered 
"highly acceptable1' by the systems manufacturer. 
7. Acoustic Noise 
The acoustic noise of the MClllB was measured in the following manner. 
The unit was acoustically isolated from the examination table by a 
rubber cushion, and the background noise was measured to be 37 dB. At 
a distance of 1 meter, the acoustic noise, with the MClllB operating 
was found to be 50 dB. At 5 meters it corresponds to 39.5 dB, taking 
the background noise into account. This measurement was carried out 
with a B and K type 2225 dB meter. 
8 .  Second Generation and Focal Plane Arrays, 6 Larger ICD~A'S 
During the last few years it has been recognized that considerable 
advantage can be achieved by using a larger number of detectors, each 
with a much smaller size. As the size of the total array grows, 
particularly for non-scanning large area Focal P1 ne arrays, the 9 average cooling power needed also grows. The ICD A configuration for 
such arrays is a major asset. Second generation and Focal Plane 
Arrays incorporate the integrated circuits in the dewar to amplify, 
buffer and time multiplex the signals generated. Fortunately, 
multiplexing allows one to increase the number of detectors but 
decreases the number of leads. This kee s load losses low. Also, the S major other issue associated with an ICD A,  that of outgassing of the 
dewar, is not onerously increased by the number of leads. For 
example, compare first and second generation MCT Detector arrays. In 
the first generation where one has 180 elements, typically the number 
of leads is 220. In the second generation, even though one goes to a 
480 element linear array, only 30 leads are used to extract the 
signals. 
The lower number of wires is also completely compatible with less 
outgassing from the dewar. Of course this is common to both the I C D ~ A  
structure and the Common Module dewar structure. We have also made 
measurements and estimated what would be the ingassing effect into the 
dewar th ugh our cold head. We have found that this will be less 
than 10 - f S  Torr, which corresponds to a life for the dewar, from this 
source of leakage, of approximately ten years. 
We can also consider future growth and requirements in the field. As 
we have seen, detector arrays requiring 20 to 30 mW of cooling in the 
Common Module dewar configuration typ cally need a 0.25 W cryocooler. i This can be satisfied by a 100 mW ICD A .  For larger detector array's 
requiring cooling in the 50 to 100 mW range, the "Common Module" 
sta dard requirement is for a cooling power of between 0.5 to 1 W. An 9 ICD A structure lowers this to a 200 to 400 mW load. We have already 
operated our MClllB at cooling levels up to 0.4 W. We feel confident 
that the inherently balanced structure created in our MClllB leads to 
solving higher average power requirements for FPA's. 
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Table 1. 0.25 Watt Common Module Heat Load Distribution 
Detector Lea$ = 0.03 W - 0.05 W 
Dewar Losses = 0.10 W 
Integration Losses = 0.10 W 
0.25 W 
Dewar = Qconduction Qradiation + Qwires 
Qconduc t i on = 0.050W 
Qradiation = 0.015 W 
Quires = 0.035W 
Total = 0 .lo0 W 
Table 2. Heat Load Distribution. C o ~ o n  Module vs- Integrated Cooler 
Dewar Detector Assembly (ICD A) 
0.25 W 
Common Module 
Detector Load 0.030 to 0.050 W 
Dewar Losses 
-- Conduction 0.050 
--  Wires 0.035 
-- Radiation 0.015 
Integration Losses 0.100 
TOTAL 0.230 to 0.250 W 
Integrated Cryocooler with 





0.095 to 0.115 W 
Table 3. Preliminary Specification of 0.15 Watt MClllB Integral 
Stirling Cryocooler 
Cooling capacity at 80 K 0.15 W 
Typical Input Power < 8.0 W 
Cooldown time from 300 K to 80 K < 4.5 Min 
MTBF > 2000 Hr 
Ambient Temperature Operating 
Limits -40 to +71 C 
Input Power with Closed Cycle 
Temperature Control at 80 K < 5.0 W 
Weight without dewar < 0.45 Kg 
External Cooling Heat Sink 
Table 4. I C D ~ A - - I ~ ~ ~ ~  Power vs- Ambient Temperature (2 extremes) 
Ambient Temperature ( C )  Input Power (W) Cold Tip Temperature (K) 
Notes: (a) "Static" Dewar Total Heat Load = 92 mW of which 50 mW 
is "Load" 
(b) Voltage is kept Constant and Cold Tip Temperature is 
Free to Vary 
Table 5. Performance of MClllB P/N 000014/Input 12 V DC 
Date: 3 July 1988 
Parameters Results 
23 C Test: 
A. Cooldown Time to 100 K 5 Min 38 Sec 
B. Cooldown Time to 85 K 7 Min 26 Sec 
C. Cooldown' Time to 77 K 8 Min 29 Sec 
D. Power Input with Cold Tip at 58 K 7.14 Watts 
52 C Test: 
A. Cooldown Time to 100 K 7 Min 18 Sec 
B. Cooldown Time to 85 K 10 Min 01 Sec 
C. Cooldown Time to 77 K 12 Min 06 Sec 
D. Power Input with Cold Tip at 70 K 6.96 Watts 
-20 C Test: 
A. Cooldown Time to 100 K 3 Min 24 Sec 
B. Cooldown Time to 85 K 4 Min 28 Sec 
C. Cooldown Time to 77 K 5 Min 00 Sec 
D. Power Input with Cold Tip at 48 K 6.96 Watts 
23 C Test: 
A. Cooldown Time to 100 K 5 Min 37 Sec 
B. Cooldown Time to 85 K 7 Min 18 Sec 
C. Cooldown Time to 77 K 8 Min 18 Sec 
D. Power Input with Cold Tip at 58 K 7.14 Watts 
Note: "Static" Dewar Total Heat Load = 92 mW of which 50 mW is "Load" 
Table 6. Performance of MClllB P/N 000014/Input 14.27 V DC 
Date: 30 June 1988 
Parameters Results 
23 C Test: 
A. Cooldown Time to 100 K 3 Min 48 Sec 
B. Cooldown Time to 85 K 4 Min 58 Sec 
C. Cooldown Time to 77 K 5 Min 32 Sec 
D. Power Input with Cold Tip at 51 K 9.49 Watts 
52 C Test: 
A. Cooldown Time to 100 K 4 Min 39 Sec 
B. Cooldown Time to 85 K 6 Min 05 Sec 
C. Cooldown Time to 77 K 6 Min 52 Sec 
D. Power Input with Cold Tip at 56 K 9.63 Watts 
-20 C Test: 
A. Cooldown Time to 100 K 2 Min 33 Sec 
B. Cooldown Time to 85 K 3 Min 18 Sec 
C. Cooldown Time to 77 K 3 Min 39 Sec 
D. Power Input with Cold Tip at 50 K 9.56 Watts 
23 C Test: 
A. Cooldown Time to 100 K 3 Min 40 Sec 
8 .  Cooldown Time to 85 K 4 Min 47 Sec 
C. Cooldown Time to 77 K 5 Min 19 Sec 
D. Power Input with Cold Tip at 51 K 9.49 Watts 
Note: "Static" Dewar Total Heat Load = 92 mW of which 50 mW is "Load" 
Table 7. Performance of MClllB P / N  000012 
Set Up: Dynamic dewar with no temperat re controller ysed 
Dewar vacuum at start of test: 5 x LO-' Torr (5 x 10- Torr Hin.) 
Dewar boil off rate LN2 25 SCC 95 mW 
Additional Heat Load - 0 mW 
Total Heat Load 95 mW 
Parameters Results 
23 C Test: 
A. Cooldown Time to 85 K 7 Min 40 Sec 
B. Cold Tip Temperature @ 14 V min 69 K 
C. Power input 8.9 Watts 
52 C Test: 
A. Cooldown Time to 85 K 11 Min 37 Sec 
B. Cold Tip Temperature @ 14 V min 81 K 
C. Power input 9.0 Watts 
-20 C Test: 
A. Cooldown Time to 85 K 5 Min 14 Sec 
B. Cold Tip Temperature @ 14 V min 54 K 
C. Power input 8.5 Watts 
Table 8. Performance of MClllB P / N  000012 
Set Up: Dynamic dewar with no temperat re controller y e d  
Dewar vacuum at start of test: 5 x lo-' Torr ( 5  n 10- Torr Min.) 
Dewar boil off rate LN2 25 SCC 95 mW 
Additional Heat Load 50 mW 
145 mW Total Heat Load 
Parameters 
23 C Test: 
A. Cooldown Time to 85 K 
B. Cold Tip Temperature @ 14 V min 
C. Power input 
52 C Test: 
Results 
10 Min 33 Sec 
73 K 
8.8 Watts 
A. Cooldown Time to 85 K 13 Min 00 Sec 
B. Cold Tip Temperature @ 14 V min 87 K 
C. Power input 8.9 Watts 
-20 C Test: 
A. Cooldown Time to 85 K 6 Min 44 Ssc 
B. Cold Tip Temperature @ 14 V min 56- K 
C. Power input 8.5 Watts 
Table 9. Performance of MClllB P/N 000014 
Set Up: Dynamic dewar with no temperat re controller ysed 
Dewar vacuum at start of test: 5 x lo-' Torr (5 x 10- Torr Hin.) 
Dewar boil off rate LN2 25 SCC 95 mW 
Additional Heat Load 0 mW 
Total Heat Load 95 mW 
Parameters Results 
23 C Test: 
A .  Cooldown Time to 85 K 8 Min 06 Sec 
B. Cold Tip Temperature @ 14 V min 65 K 
C .  Power input 9.1 Watts 
52 C Test: 
A .  Cooldown Time to 85 K 12 Min 15 Sec 
B. Cold Tip Temperature @ 14 V min 79 K 
C. Power input 9.1 Watts 
-20 C Test: 
A .  Cooldown Time to 85 K 5 Min 34 Sec 
B. Cold Tip Temperature @ 14 V min 47 K 
C. Power input 8.6 Watts 
Table 10. Performance of MClllB P/N 000014 
Set Up: Dynamic dewar with no temperat re controller ysed 
Dewar vacuum at start of test: 5 x lo-' Torr (5 x 10- Torr Min.) 
Dewar boil off rate LN2 25 SCC 95 mW 
Additional Heat Load 50 mW 
Total Heat Load 145 mW 
Parameters Results 
23 C Test: 
A. Cooldown Time to 85 K 9 Min 45 Sec 
B. Cold Tip Temperature @ 14 V min 76 K 
C. Power input 8.8 Watts 
52 C Test: 
A .  Cooldown Time to 85 K 11 Min 43 Sec 
B. Cold Tip Temperature @ 14 V min 88 K 
C. Power input 8.9 Watts 
-20 C Test: 
A. Cooldown Time to 85 K 6 M i n 3 6  Sec 
B. Cold Tip Temperature @ 14 V min 61 K 
C. Power input 8.4 Watts 
Table 11. Perjjormance of MClllB PIN 000014A 
ICD A with Closed Cycle Temperature Control 
Set Up: Static dewar with temperature controller (CCTC) 
5 SCC, 19 mW--Total Heat Load ~ewar-boil off rate LN2 
Parameters 
23 C Test: 
A. Cooldown Time 
B. Min. Cold Tip 
C. Power input @ 
52 C Test: 
A. Cooldown Time 
B. Min. Cold Tip 
C. Power input @ 
-20 C Test: 
A. Cooldown Time 
B. Min. Cold Tip 
C. Power input @ 
to 85 K 
temperature ( * )  
85 K 
to 85 K 
temperature ( * )  
85 K 
to 85 K 
temperature ( * )  
85 K 
( * )  Measured without temperature controller 
Results 
4 Min 59 Sec 
51 K 
4.9 Watts 
6 Min 37 Sec 
57 K 
6.3 Watts 
3 Min 23 Sec 
50 K 
3.7 Watts 
Table 12. Operating Regions of Popular Modern IR Detectors 
Material Spectral Ranse (Microns1 O~eratina Temperature (Kl 
PbSe 2 -  5 160 - 200 
InSb 3 -  5 60 - 80; and 100 - 120 
HgCdTl (MCT) 1 - 2.5 
3 -  5 
8 - 12 
150 - 200 
70 - 80; and 100 - 180 
80 and 40 
Si ( In) 3 -  5 40 - 50 
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ABSTRACT 
The use of a helium gas filled, positive pressure, dip tube access 
well, coupled to a closed-cycle cryocooler, has the advantage of 
allowing quick and easy access to the cold space. A detector or 
sample can be cooled simply by lowering it into the cold helium. 
This allows samples or detectors to be changed in minutes without 
breaking any vacuum seals. Thermal stratification of liquid helium 
at the bottom of the well allows continuous positive pressure 
operation at temperatures well below the boiling point of helium. 
Temperature fluctuations due to the cryocooler cycle are geatly 
dampened due to the large heat capacity of helium. The helium bath 
also allows large instantaneous heat loads. Substantially lower 
temperatures may be reached by vacuum pumping on the liquid helium 
bath. A safety interlock system has been designed to prevent drawing 
air or water into the dip tube access well. 
Results from several years of safe operation of the QUANTUMCOOLER (TM) 
closed-cycle cryocoolers is presented. 
Dip tube access experimental crycoolers combine the advantages of using a 
liquid helium dip dewar with closed-cycle refrigeration. The dip tube 
well is filled with helium gas at above atmospheric pressure. A sample or 
experimental apparatus to be cooled is lowered into the dip tube well and 
is cooled by convection in the cold helium gas. Gravitational 
stratification of the helium gas maintains the colder (and denser) helium 
gas at the bottom. In equilibrium there are no convection currents. Due 
to the low thermal conductivity of helium gas, little heat is carried down 
the dip tube in the quiescent state. A dip tube access, liquid helium 
temperature cryocooler is shown schematically in Figure 1. 
We have built a number of these QUANTUMCOOLER (TM) dip tube access systems 
coupled to both 10K and 3K closed-cycle cryocoolers. These systems are 
used for a variety of experiments including Hall effect measurements 
(narrow tail version), optical fluorescence measurements with the sample 
immersed in liquid helium (optical access version), variable temperature 
magnetic susceptibility measurements, germanium bolometer cooling, and 
sample and detector cooling. In all cases the vacuum dewar space is 
permanently sealed. This allows continuous operation of the closed-cycle 
cryocooler while the items to be cooled are being inserted, changed or 
removed. This ease of operation and the speed with which samples can be 
changed are major advantages of the dip tube access system. 
Helium gas in the 3K system is also at above atmospheric pressure. In 
this case thermal stratification in the liquid helium at the bottom of the 
dip tube access well allows the sample to be immersed in liquid at a 
temperature below the boiling point. Naturally, higher up, at the liquid 
to gas interface, the liquid helium is warmer and is at the boiling point 
corresponding to the pressure of the gas. 
FIGURE 1 
CROSS-SECTIONAL SCHEMATIC OF A LIQUID HELIUM TEMPERATURE QUANTUMCOOLER (TM) 
SHOWING THE RELIUM FILLED DIP TUBE ACCESS WELL 
m y  AMBIENT 
PRESSURE CiP 
TUBE ACCESS TO 
UWO HELNM 




Due t o  t h e  extremely dense s t a t e  of gas  i n  a cryogenic  system, precaut ions  
must always be taken  t o  a l low t h e  gas  t o  s a f e l y  vent during warm-up. The 
c a t a s t r o p h i c  consequences t o  t h e  vacuum v e s s e l  and t h e  surroundings when 
l i q u i d  helium is allowed t o  warm but  t h e  vent  l i n e  i s  plugged a r e  well 
known. The hazard comes from inadve r t en t  plugging of t h e  vent  l i n e .  
Na tu ra l l y ,  i t  is e s s e n t i a l  t o  have a t e s t e d  r e l i e f  valve before  any manually 
operated va lves  t o  prevent  a c c i d e n t a l  manual c lo s ing  of t h e  vent  l i n e .  
An a d d i t i o n a l  hazard may be caused by t h e  condensation of a i r  i n  t h e  
vent ing  system. This  hazard is  p re sen t  i n  a l l  l i q u i d  helium c r y o s t a t s  
which a r e  vented t o  t h e  atmosphere. For example, i f  a l a r g e  diameter vent 
tube  i s  l e f t  open a t  t h e  top ,  a n  i n h e r e n t l y  uns t ab l e  helium-air i n t e r f a c e  
e x i s t s .  The helium gas  a t  t h e  bottom of t h e  i n t e r f a c e  is  very near ly  a t  
room temperature.  The room temperature  a i r  above it is approximately 
seven times denser.  Convection w i l l  occur  a l lowing helium gas  t o  escape 
upwards and a ir  t o  be drawn downwards i n t o  t h e  c r y o s t a t .  The a i r  f r e e z e s  
i n  t h e  co ld  and may even tua l ly  form a gas  t i g h t  plug i n  t h e  neck of t h e  
c r y o s t a t .  Th i s  plug is very dangerous because t h e  warming of t h e  co ld  gas  
and/or l i q u i d  below t h e  plug may genera te  p re s su re s  s u f f i c i e n t  t o  rup tu re  
t h e  v e s s e l  before  d i s lodg ing  t h e  plug. 
Recent s t u d i e s  of t h e  formation of f rozen  a i r  plugs i n  a l i q u i d  helium 
c r y o s t a t  show t h a t  i f  two vent  l i n e s  are open a t  s l i g h t l y  d i f f e r e n t  
h e i g h t s  t hen  r a p i d  convect ion f low occurs.  Frozen a i r  formation may be 
extremely r a p i d ,  two t o  20 cub ic  cen t ime te r s  pe r  minute through a duc t  of 
one square  cen t imeter  c ross -sec t ion  ( 1 ) .  
I n  t h e  c a s e  of d i p  t ube  access closed-cycle c ryocooler  systems t h e  
p o s s i b i l i t y  of a i r  contaminat ion is increased .  Unlike a l i q u i d  helium 
c r y o s t a t  i n  which t h e r e  is always some helium g a s  f low outwards which 
t ends  t o  keep t h e  a i r  o u t ,  i n  t h e  closed-cycle cryocooler  systems ( i f  
helium gas  is n o t  suppl ied)  a i r  w i l l  be i nha l ed ,  condensed and f rozen  by 
t h e  cool ing  ac t i on .  
SAFETY INTERLOCK SYSTEM 
The s a f e t y  i n t e r l o c k  system used on t h e  QUANTTJMCOOLER (TM) d i p  tube  acces s  
c ryocoo le r s  was designed t o  meet t h e  fol lowing criteria: ~ 
i) t o  main ta in  above atmospheric  p re s su re  i n  t h e  d i p  tube  space,  
ii) t o  provide a s a f e t y  p re s su re  relief vent  f o r  t h e  d i p  t ube  w e l l ,  
iii) t o  provide a s a f e t y  p re s su re  relief vent  f o r  t h e  vacuum dewar, 
i v )  t o  a l low sample ho lder  t ubes  t o  be i n s e r t e d  o r  removed without  
in t roduc ing  a i r  i n t o  t h e  helium, and 
v)  t o  au toma t i ca l l y  swi tch  o f f  t h e  c losed-cyc le  c ryocooler  i n  t h e  event  
t h a t  a helium g a s  over-pressure is n o t  maintained. 
D i f f e r e n t  con f igu ra t i ons  of  t h e  s a f e t y  i n t e r l o c k  system are used f o r  t h e  
10K and 3 K  c ryocooler  systems. For s i m p l i c i t y  t h e  10K system i s  shown i n  
F igure  2. 
FIGURE 2 
SCHEMATIC OF 10K QUANTUMCOOLER (TM) DIP TUBE ACCESS SYSTEM 
SHOWING SAFETY INTERLOCK FEATURES 
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The vacuum dewar is of a permanently sealed, super-insulated construction. 
Cooling is provided by a closed-cycle Gifford-McMahon (GM) compressor and 
cold head. A totally independent helium gas supply is used to pressurize 
the dip tube well. Low pressure helium at 1.4 bar absolute (6 psig) flows 
through the safety interlock to the dip tube well. The top of the dip 
tube port is provided with a close-off ball valve "V2", a vent valve "Vll' 
and a sliding O-ring seal to allow sample tubes up to 22 millimeters (7/8 
inch) diameter to be inserted. 
The safety interlock system has a safety relief valve vent set at 1.7 bar 
absolute (10 psig). It also has a digital or analog display of the dip 
tube well pressure. A pressure sensitive switch set to trip at 1.15 bar 
absolute (2 psig) on the helium line is connected to an interlock which 
will automatically switch off the power to the cryocooler if an over- 
pressure is not maintained. 
INSERTING THE SAMPLE 
The process of inserting the sample holder tube is straightforward. With 
the ball valve closed the sample holder tube is lowered into the sample 
introduction chamber and the O-ring seal is tightened. To remove air the 
vent valve "Vl" is opened allowing the sample and removable sample holder 
tube to be evacuated. The valve "Vl" is closed and the ball valve "V2" is 
opened allowing the sample to be lowered into the positive pressure helium 
dip tube well. For systems in which small amounts of air contamination do 
not present a problem a vacuum pump is not required. The removable sample 
tube is simply purged by momentairly opening the dip tube safety relief 
prior to insertion. 
The O-ring provides a good sliding seal against the polished stainless 
steel sample holder tube as it is lowered. The sample is lowered slowly 
to allow the majority of its heat to be removed by the first cooling 
station of the cryocooler. The process of cooling a sample from room 
temperature takes only a few minutes. In operation the sample temperature 
can be regulated either by changing its height or by means of an 
electronic temperature controller. The controller is connected to a 
heater and temperature sensor located on the bottom of the sample holder 
tube by means of the instrumentation cable shown. 
REMOVING TH3.l SAMPLE 
To remove the sample, the sliding O-ring seal is loosened and the sample 
holder tube is raised. Once the sample is above the ball valve, the ball 
valve "V2" is closed and the sample holder tube may be totally withdrawn. 
Due to the fact that the lower part of the sample holder tube is very 
cold, increased friction is encountered as it is removed because the 
sliding O-ring freezes to the wall of the tube., After a few seconds the 
ambient heat warms the thin sample holder tube wall and allows it to be raised 
a few centimeters before it sticks again. Nevertheless, the sample can be 
removed in about two minutes without opening the dip tube space to atmosphere. 
For systems where minor contamination of  t h e  helium gas  i n  t h e  d i p  t ube  
w e l l  is no t  a concern, it is poss ib l e  t o  remove t h e  sample ho lder  tube  
very quickly by t o t a l l y  unscrewing t h e  s l i d i n g  O-ring s e a l  and p u l l i n g  t h e  
sample ho lder  tube  o u t  i n  one movement then  quick ly  c lo s ing  t h e  b a l l  
valve.  The s l i d i n g  O-ring s e a l  may be recovered from t h e  sample holder  
tube a few minutes l a t e r ,  a f t e r  it has  warmed t o  ambient temperature.  
Th i s  manoeuvre causes  t h e  p re s su re  i n  t h e  d i p  tube  access w e l l  t o  f a l l  t o  
atmospheric p re s su re  and t h e r e f o r e  t r i p s  t h e  p re s su re  s e n s i t i v e  switch.  
To prevent  nuisance shutdowns of  t h e  c ryocooler  system, t h e  s a f e t y  
i n t e r l o c k  system is equipped wi th  a s h o r t  i n t e r v a l  timer which a l lows  t h e  
cryocooler  t o  cont inue  ope ra t i ng  during t h i s  manoeuvre. The s a f e t y  
i n t e r l o c k  w i l l  n eve r the l e s s  swi tch  t h e  c ryocooler  o f f  i f  t h e  b a l l  valve is 
i n a d v e r t e n t l y  l e f t  open t o o  long. The s a f e t y  i n t e r l o c k  box a l s o  has  a 
manually operated timer and so lenoid  va lve  t o  a l low t h e  d i p  t ube  helium 
supply t o  be switched of f  during t h i s  manoeuvre. 
OPERATING EXPERIENCE 
The closed-cycle d i p  tube  access cryocooler  systems are very easy t o  use  
and ope ra t e  very r e l i a b l y .  A t e c h n i c a l  d e s c r i p t i o n  of  one 3 K  system is 
given i n  r e f e r ence  (2) .  
The 10K systems ope ra t e  wi th  an  e x t e r n a l  supply of  helium gas  f o r  t h e  d i p  
t ube  w e l l .  I n  cont inuous ope ra t i on  no helium gas  is consumed. Samples 
can be i n s e r t e d  and removed wi th  t h e  c ryocooler  i n  cont inuous opera t ion .  
However, t h e  i n i t i a l  cooldown of  t h e  c ryocooler  r e q u i r e s  t h a t  helium gas  
be suppl ied  t o  t h e  d i p  tube  w e l l  and t h a t  ga s  i s  l o s t  on warmup. The 
consumption o f  gas  is neg l ig ib l e .  A s i n g l e  cooldown/warmup c y c l e  of t h e  
cryocooler  consumes approximatey 7 s tandard  l i ters  (0.2 SCF) of gas.  I f ,  
f o r  example, t h e  c ryocooler  is  cooled and warmed once per  week f o r  one 
year ,  t h e  t o t a l  consumption o f  gas  is only  3% of  one s tandard  helium gas  
cy l inder .  
The 3K systems r e q u i r e  a more s u b s t a n t i a l  q u a n t i t y  of helium gas during 
cooldown a s  a volume of  up t o  two liters of l i q u i d  helium may be produced. 
One s tandard  gas  c y l i n d e r  i s  s u f f i c i e n t  f o r  6 cooldowns. For t h i s  reason  
an  o p t i o n a l  c losed-cycle  helium g a s  recovery system and s t o r a g e  tank  i s  
a v a i l a b l e  f o r  t h e  l i q u i d  helium temperature  systems. With t h e  recovery 
compressor and tank ,  t h e  consumption of helium is l i m i t e d  t o  l o s s e s  on 
i n s e r t i n g  and removing sample ho lder  tubes.  These l o s s e s  are very small 
and only  r e q u i r e  t h a t  t h e  recovery tank  be topped up annual ly .  
I n  implementing t h e  d i p  t ube  access and s a f e t y  i n t e r l o c k  system some 
d i f f i c u l t i e s  were encountered wi th  t h e  components w e  t e s t e d  i n i t i a l l y .  
The p re s su re  s e n s i t i v e  swi tch ,  s a f e t y  relief va lve  and helium gas  supply 
r e g u l a t o r  must a l l  ope ra t e  wi th in  very narrow, non-overlapping bands of  
pressure.  If t h e  r e g u l a t o r  "creeps" a t  ze ro  flow, t h e  helium p re s su re  
w i l l  rise and gas  w i l l  be l o s t  through t h e  r e l i e f  valve.  Addi t iona l  , 
problems are r e l a t e d  t o  h y s t e r e s i s  i n  t h e  p re s su re  s e n s i t i v e  swi tch  and 
s a f e t y  r e l i e f  valve.  Af t e r  t e s t i n g  s e v e r a l  a l t e r n a t i v e s ,  w e  found t h a t  
components with a l a r g e  p re s su re  s e n s i t i v e  area ( l a r g e  diameter)  had t h e  
least h y s t e r e s i s .  The i n i t i a l  d i f f i c u l t i e s  were resolved by us ing  good 
q u a l i t y ,  l a r g e  diameter components. 
No a c c i d e n t s  have occurred i n  our  experience. On one occasion when t h e  
s a f e t y  i n t e r l o c k  was i n t e n t i o n a l l y  bypassed, a s u f f i c i e n t  q u a n t i t y  of 
f rozen  a i r  accumulated t o  prevent lowering t h e  sample ho lder  tube. A 
s p e c i a l  j i g  was used t o  unevent fu l ly  remove t h e  f rozen  plug on t h i s  
occasion. The j i g  c o n s i s t s  of  a l eng th  of copper tube  a t t ached  with a 
f l e x i b l e  rubber  hose t o  a helium supply b o t t l e .  It is  used by s e t t i n g  a 
moderate flow r a t e  of room temperature helium through t h e  tube  and then 
lowering t h e  copper t ube  i n t o  t h e  d i p  tube  w e l l  and slowly melt ing t h e  
plug from t h e  t o p  down. Th i s  a l lows  t h e  f rozen  plug t o  be removed without 
warming t h e  l i q u i d  helium underneath. 
CONCLUSIONS 
Af t e r  s e v e r a l  yea r s  o f  experience bu i ld ing  and ope ra t i ng  d i p  tube  access, 
closed-cycle  c ryocooler  systems, w e  have found t h a t  they o f f e r  t h e  e a s e  
and speed o f  use of  convent iona l  helium c r y o s t a t s  and t h e  convenience of  
c losed-cycle  cool ing.  Our systems a r e  designed wi th  p a r t i c u l a r  a t t e n t i o n  
t o  s a f e t y  and a r e  f u l l y  pro tec ted  a g a i n s t  a c c i d e n t a l  plugging of t h e  
helium gas  vent  l i n e .  No a c c i d e n t s  have occurred. 
The f o u r  s a f e t y  components of  our  systems a re :  (1) s a f e t y  r e l i e f  over- 
p r e s su re  vent  va lve  on t h e  d i p  t ube  w e l l ;  (2) d i sp l ay  of t h e  p re s su re  of 
t h e  d i p  t ube  w e l l ;  (3) electrical p re s su re  s e n s i t i v e  swi tch  connected t o  
an  i n t e r l o c k  which w i l l  au toma t i ca l l y  swi tch  o f f  t h e  c ryocooler  i n  t h e  
event  t h a t  an  over-pressure of helium gas  is n o t  maintained i n  t h e  d i p  
tube  well; and (4) s a f e t y  relief over-pressure vent  va lve  on t h e  vacuum 
space. It is recommended t h a t ,  as a minimum s a f e t y  requirement ,  a l l  
b u i l d e r s  of  such systems inco rpo ra t e  t h e  above fou r  s a f e t y  f e a t u r e s .  
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I INTRODUCTION 
The exergy method is a  r e a l i s t i c  and e f f e c t i v e  means of 
de te rmin ing  t h e  d i s t r i b u t i o n  of  t h e  i r r e v e r s i b l e  l o s s e s  
a s s o c i a t e d  wi th  t h e  en t ropy  p roduc t ion  i n  a n  energy r e l a t e d  
system. These i r r e v e r s i b l e  l o s s e s  a r e  a s i g n i f i c a n t  cause  of 
t h e  low e f f i c i e n c i e s  and h igh  power requirements  f o r  c ryogen ic  
systems.  The r e c o g n i t i o n  of  t h i s  problem l e d  to  t h e  use  of 
s t a g e d  sys tems by e a r l y  u s e r s  o f  exergy (Trepp,  r e f  1) and t h e  
i r r e v e r s i b l e  p roduc t ion  of en t ropy  ( B a l l ,  r e f  2 ) .  These papers 
showed t h e  b e n e f i t  of  second law thermodynamic a n a l y s i s  of 
c ryogen ic  systems a l t hough  t h e y  d i d  n o t  examine t h e  d e t a i l e d  
sys tem l o s s e s  which is r e q u i r e d  f o r  a  system performance 
improvement a n a l y s i s .  A book and paper  by t h e  a u t h o r  ( r e f s .  
3 , 4 )  and a  book by Brodyanski i  and Semenov ( r e f .  5 )  used t h e  
exergy method t o  examine t h e  second law c h a r a c t e r i s t i c s  of 
c ryogen ic  sys tems ,  b u t  t h e r e  has been l i t t l e  else pub l i shed  dn 
t h e  e n g i n e e r i n g  a p p l i c a t i o n s  o f  t h e  second law a n a l y s i s  f o r  
c ryogen ic  sys tems d e s p i t e  t h e  need f o r  improved e f f i c i e n c y  and 
lower power requ i rements  f o r  many a p p l i c a t i o n s .  This i s  
e s p e c i a l l y  t r u e  f o r  complex systems wi th  m u l t i p l e  c.omponents 
and f l u i d  c i r c u i t s .  
Th i s  paper  d i s c u s s e s  t h e  a p p l i c a t i o n  of t h e  exergy 
method t o  c ryocoo l e r  sys tems.  The t echn ique  of  u s i n g  t h e  
exergy method is p re sen t ed  u s ing  1 and 3 s t a g e  examples. 
I1 EXERGY ANALYSIS 
A. FUNDAMENTALS 
A r e c e n t  d i s c u s s i o n  of t h e  exergy method ( r e f .  6 )  
concluded t h a t  it is now f u l l y  developed f o r  use  i n  t h e  
a n a l y s i s  of  r e a l  eng i nee r i ng  sys tems.  The exergy method is 
based on t h e  second law of thermodynamics and has  developed i n  
two d i s t i n c t  pa th s .  One p a t h  has  r e s t r i c t e d  its f o c u s  on on ly  
the rmal  a s p e c t s  of energy  convers ion  and main ta ins  s tr ict  
adherence  t o  t h e  c l a s s i c a l  thermodynamic p r i n c i p l e s .  One 
f e a t u r e  of  c l a s s i c a l  second-law thermodynamics is t h a t  a  
r e v e r s i b l e  p roce s s  is a n  e q u a l i t y  de f i ned  by dS = dQ/T and 
capab l e  of  d i r e c t  a n a l y s i s .  On t h e  o t h e r  hand, any p rocess  
where ds is g r e a t e r  t h a n  dQ/T is a n  i n e q u a l i t y  and n o t  capab le  
of  d i r e c t  d e f i n i t i o n  and c a l c u l a t i o n .  The o t h e r  development 
p a t h ,  i n v o l v i n g  a p p l i e d  e n g i n e e r i n g ,  has  extended t h e  b a ~ i c  
thermodynamic p r i n c i p l e s  t o  i n c l u d e  a l l  t y p e s  of energy l o s s e s  
a s  compatable e q u a l i t i e s .  Th i s  is done by e q u a t i n g  t h e  
i r r e v e r s i b l e  l o s s e s  i n  a  p r o c e s s  t o  v a l u e s  of  t h e  i r r e v e r s i b l e  
p r o d u c t i o n  of e n t r o p y  i n  t h e  p r o c e s s .  Th i s  a p p l i e d  e n g i n e e r i n g  
approach of t h e  second law of thermodynamics is most u s e f u l  f o r  
performance a n a l y s i s  of  r e a l  e n e r g y - r e l a t e d  s y s t e m s ,  while t h e  
c l a s s i c a l  second law p r i n c i p l e s  l i m i t  t h e  q u a n t i t a t i v e  a n a l y s i s  
t o  i d e a l ,  r e v e r s i b l e  p r o c e s s e s  and sys tems.  The m o d i f i c a t i o n s  
made t o  t h e  c l a s s i c a l  second law o f  thermodynamics i n  
deve lop ing  t h e  a p p l i e d  e n g i n e e r i n g  c o n c e p t  of exe rgy  were 
accomplished w i t h  f u l l  t e c h n i c a l  j u s t i f i c a t i o n  s i n c e  t h e y  a r e  
l o g i c a l  e x t e n s i o n s  of t h e  b a s i c  p r i n c i p l e s .  
One c l e a r  b a s i s  f o r  t h e  i n t e g r a t i o n  of  a l l  t y p e s  of  
ene rgy  i n t o  a s i n g l e ,  s i m p l e  a n a l y t i c a l  method is t h e  use  of  a  
common f a c t o r  . . .  t h e  i r r e v e r s i b l e  p r o d u c t i o n  of  e n t r o p y  a s  
developed by Tolman and F i n e  a t  C a l t e c h  ( r e f .  7 ) .  They 
developed e q u a t i o n s  f o r  t h e  i r r e v e r s i b l e  p r o d u c t i o n  of  e n t r o p y  
i n  h e a t  f l o w ,  f l u i d  f l o w ,  e l e c t r i c a l  f l o w  and t h e r m o e l e c t r i c  
c i r c u i t s .  The i n t e g r a t i o n  of t h e  i r r e v e r s i b l e  p r o d u c t i o n  o f  
e n t r o p y  concep t  w i t h  t h e  zero-exergy r e f e r e n c e  s t a t e  of t h e  
b a s i c  exe rgy  method p rov ides  a s i m p l e , ,  q u a n t i t a t i v e  a n a l y t i c a l  
approach t o  e v a l u a t i n g  complex e n e r g y - r e l a t e d  e n g i n e e r i n g  
sys tems .  The second law of thermodynamics c a n  be e x p r e s s e d  by 
e q u a t i o n  1 which e q u a t e s  t h e  i n c r e a s e  o f  e n t r o p y  i n  a sys tem.  
The f i r s t  term on t h e  r i g h t  is t h e  e n t r o p y  change from mass 
t r a n s f e r ,  t h e  second term is t h a t  due t o  h e a t  t r a n s f e r  and t h e  
f i n a l  t e r m  is t h a t  from i r r e v e r s i b l e  e f f e c t s .  Th i s  e n t r o p y  
p r o d u c t i o n  e q u a t i o n  is c o n v e r t e d  t o  t h e  b a s i c  exe rgy  e q u a t i o n  
by r e l a t i n g  t h e  e n t r o p y  changes t o  a  r e f e r e n c e  s ta te .  
The a b i l i t y  t o  e q u a t e  t h e  l o s s e s  th roughou t  a n  energy  
i n t e n s i v e  sys tem is of p a r t i c u l a r  impor tance  f o r  c r y o g e n i c  
sys tems where t h e  i r r e v e r s i b l e  l o s s e s  c a n  have a v e r y  
s i g n i f i c a n t  impact on s y s t e m  e f f i c i e n c y  a s  t h e  r e f r i g e r a t i o n  
l oad  t empera tu re  is reduced toward a b s o l u t e  z e ro .  
The va lue  of t h e  Carnot  s p e c i f i c  work f o r  a s i n g l e  s t a g e  
i n c r e a s e s  r a p i d l y  wi th  lower c ryogen ic  load  t empera tu res .  The 
p o i n t  t h a t  is g e n e r a l l y  missed i n  t h e  a p p l i c a t i o n  of t h e  second 
law is t h a t  each  and eve ry  i r r e v e r s i b l e  l o s s  i n  t h e  sys tem is 
m u l t i p l i e d  by t h e  s p e c i f i c  work f a c t o r  a s s o c i a t e d  wi th  i t s  
t empera tu re  t o  determine  i ts  impact on t h e  i n p u t  work, I n  o t h e r  
words, each  i r r e v e r s i b l e  l o s s  a t  a  g iven  temperature  is 
e q u i v a l e n t  t o  a  c o o l i n g  load  of t h e  same magnitude a t  t h a t  
t empera tu re .  Th i s  is t h e  primary r ea son  f o r  t h e  ve ry  low 
( <  10%) o v e r a l l  e f f i c i e n c i e s  a s s o c i a t e d  w i t h  c ryogen ic  sys tems.  
These i r r e v e r s i b l e  l o s s e s  a r e  caused by h e a t  t h a t  i s  
t r a n s f e r r r e d  and p r e s s u r e  t h a t  i s  reduced wi thout  producing 
u s e f u l  work. The l o s s e s  a l s o  i n c l u d e  t h o s e  i nvo lv ing  no-work 
mass t r a n s f e r  between t empera tu re  and p r e s s u r e  zones w i th in  t h e  
sys tem a s  w e l l  a s  between t h e  sys tem and i t s  sur round ings .  
Mechanical and v i s cous  f low l o s s e s  a r e  a l s o  involved.  
The i r r e v e r s i b l e  l o s s e s  i n  a  sys tem can  be determined by 
c a l c u l a t i n g  t h e  i r r e v e r s i b l e  p roduc t ion  of en t ropy  f o r  each  
p rocess  i n  t h e  system o r  between t h e  sys tem components and t h e  
su r round ing  environment.  The va lue s  o f  t h e  i r r e v e r s i b l e  
p roduc t ion  of  en t ropy  which a r e  determined i n  a n  en t ropy  
ba lance  of  a  sys tem ( equa t i on  1) a r e  u s e f u l  i n  e s t a b l i s h i n g  t h e  
r e l a t i v e  magnitudes o f  t h e  i r r e v e r s i b l e  l o s s e s  i n  t h e  system. 
However, t h e s e  en t ropy  change va lue s  can  n o t  be d i r e c t l y  
compared t o  t h e  i n p u t  and o u t p u t  work of t h e  sys tem which is  
d e s i r a b l e  f o r  a f u l l  unnders tand ing  of t h e  system performance 
c h a r a c t e r i s t i c s .  For example, a r e d u c t i o n  i n  en t ropy  
p roduc t ion  by improving a  component performance can  n o t  
d i r e c t l y  show t h e  impact  on t h e  i n p u t  power and t h e  e f f i c i e n c y .  
The i r r e v e r s i b l e  l o s s e s  i n  t h e  sys tem a r e  conver ted  i n t o  
work terms i n  t h e  exergy  method o f  a n a l y s i s  ( equa t i on  2 ) .  The 
exergy  method de te rmines  t h e  t o t a l  exergy  ( o r  a v a i l a b l e  work) 
a t  each  s t a t i o n  i n  a sys tem between t h e  p rocesses  s o  t h a t  t h e  
t o t a l  exergy change i n  a  p rocess  o r  component i s  provided.  A l l  
of t h e  exergy  change i n  a p rocess  o r  component must be 
accounted f o r  by t h e  u s e f u l  i n p u t  o r  o u t p u t  work and t h e  
i n d i v i d u a l  d i s s i p a t i v e  l o s s e s  from f r i c t i o n , h e a t  l eaks ,mass  
l e a k a g e , e t c .  A g e n e r a l  exergy  e q u a t i o n  comprised of  most 
common d i s s i p a t i v e  l o s s e s  i n  energy  sys tems is g iven  i n  
e q u a t i o n  3 .  The terms on t h e  r i g h t  s i d e  of  t h i s  equa t i on  would 
be s e l e c t e d  f o r  t h e  p a r t i c u l a r  c o n d i t i o n s  a t  t h e  s t a t i o n  be ing  
eva lua t ed .  I n  most cases o n l y  two o r  t h r e e  terms would 
app ly .  I n  any case, t h e  c a l c u l a t i o n  of t h e  exergy and exergy 
l o s s  va lue s  i n  a sys tem a r e  n o t  major t a s k s  once t h e  f i r s t  law 
h e a t  ba lance  d a t a  are a v a i l a b l e .  
I t  shou ld  be po in t ed  o u t  t h a t  t h e  exergy a n a l y s i s  does n o t  
r e p l a c e  t h e  conven t i ona l  f i rs t  l a w  h e a t  ba lance  of  a  sys tem o r  
t h e  performance and d e s i g n  a n a l y s i s  r e q u i r e d  i n  t h e  de s ign  
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and development of components. I t  is an a d d i t i o n a l  t o o l  f o r  
t h e  system a n a l y s t  t o  use i n  t h e  s e a r c h  f o r  t h e  b e s t  system t o  
meet t h e  a p p l i c a t i o n  requirements .  
The r e s u l t s  of an  exergy a n a l y s i s  can  be b e s t  d i sp l ayed  
i n  t a b l e s  t h a t  show t h e  magnitude, l o c a t i o n  and cause  of each 
s i g n i f i c a n t  i r r e v e r s i b l e  l o s s  i n  t h e  system and by schematic 
diagrams t h a t  show t h e  magnitude and l o c a t i o n  of t h e  exergy 
more g r a p h i c a l l y .  I n  some r e p o r t s  t h e  exergy a n a l y s i s  r e s u l t s  
a r e  shown by flow l i n e s  where t h e  l i n e  width d e p i c t s  t h e  
magnitude of t h e  exergy flow. This d i s p l a y  becomes cumbersome 
and confus ing  f o r  complex systems and has l i t t l e  advantage over  
diagrams showing on ly  t h e  component and process  l o s s e s  since i t  
is t h e  magnitude and l o c a t i o n  of t h e  exergy l o s s e s  t h a t  a r e  
important  i n  system performance eva lua t ion .  
B. METHODOLOGY 
The procedure f o r  performing a n - e x e r g y  a n a l y s i s  of a  
system is descr ibed  i n  t h e  f low c h a r t  i n  Fig.  1. The f i r s t  
s t e p  is t o  c o l l e c t  and t a b u l a t e  the d a t a  a v a i l a b l e  a t  each 
s t a t i o n  i n  t h e  system from t h e  f i r s t  l a w  h e a t  balance which is  
t h e  convent iona l  method of system performance a n a l y s i s .  The 
first law h e a t  balance r e s u l t s  u s u a l l y  i nc lude  t h e  p r e s s u r e ,  
t empera ture ,  en tha lpy  and mass f low of the f l u i d  streams 
throughout t h e  system. The a d d i t i o n a l  in format ion  r equ i r ed  t o  
perform an  exergy a n a l y s i s  is t h e  en t ropy  va lue  a t  each s t a t i o n  
and t h e s e  same p r o p e r t i e s  f o r  t h e  sur rounding  medium. Entropy 
va lues  a r e  t a b u l a t e d  f o r  most cryogenic  working f l u i d s  i n  
handbooks and o t h e r  p u b l i c a t i o n s  ( r e f .  8 ) .  
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To i l l u s t r a t e  t h e  procedure used i n  an exergy a n a l y s i s  a 
s imple  example is taken  f o r  which t h e  schematic is shown i n  
Fig. 2 and t h e  ope ra t ing  cond i t i ons  of p re s su re ,  temperature ,  
en tha lpy  and en t ropy  f o r  each s t a t i o n  a r e  given i n  Table 1. 
The f irst  t h r e e  columns con ta in  d a t a  t h a t  would be a v a i l a b l e  
from a  f i r s t  law h e a t  balance.  The en t ropy  values  i n  t h e  
f o u r t h  column a r e  determined from t a b l e s  o r  c h a r t s  u s i n g  t h e  
p re s su re  and temperature  values .  To complete t h i s  t a b l e  of 
s t a t i o n  p r o p e r t i e s  t h e  values  of exergy a r e  c a l c u l a t e d  and 
en t e red  i n t o  t h e  f i f t h  column. 
A primary f e a t u r e  of t h e  exergy method is  t h a t  t h e  work 
a v a i l a b l e  a t  t h e  d i f f e r e n t  s t a t i o n s  i n  t h e  system a r e  
re fe renced  t o  a single " dead s t a t e "  cond i t i on  i n  which t h e  
exergy va lue  is taken  as zero .  For t e r r e s t r i a l  systems t h i s  
ze ro  exergy s t a t e  is u s u a l l y  taken as t h e  ambient temperature  
and p re s su re .  This r e f e r e n c e  s t a t e  is a t o o l  t o  s i m p l i f y  t h e  
second law a n a l y s i s .  S ince  t h e  d i f f e r e n c e  i n  exergy values  
between s t a t i o n s  i n  t h e  system is t h e  major f a c t o r  i n  t h e  
a n a l y s i s ,  t h e  s p e c i f i c  value  of t h e  r e f e rence  s t a t e  cond i t i on  
is n o t  cr i t ica l .  I n  s p a c e c r a f t  cryogenic  systems t h i s  
r e f e r e n c e  c o n d i t i o n  should i d e a l l y  be t h e  deep space h e a t  s i n k  
where t h e  exergy l o s s e s  i n  t h e  h e a t  r e j e c t i n g  r a d i a t o r  a r e  
included ( r e f .  9 ) .  However, f o r  c ryocoole r  exergy a n a l y s i s  i t  
is more convenient  and j u s t i f i e d  t o  use t h e  h e a t  r e j e c t i o n  
r a d i a t o r  temperature  cond i t i ons .  
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The b a s i c  equa t ion  f o r  c a l c u l a t i n g  t h e  exergy a t  a  s t a t i o n  
i i n  t h i s  system where a  s imple  working f l u i d  ( n i t r o g e n  g a s )  is 
used is  
where t h e  s u b s c r i p t  0 r e f e r s  t o  t h e  r e f e r e n c e  s t a t e .  The 
d e r i v a t i o n  of t h i s  equa t ion  from fundamentals is given i n  
r e f e rence  3 .  The values  of exergy f o r  t h e  cond i t i ons  i n  Table 
1 a r e  c a l c u l a t e d  us ing  equa t ion  ( 4 )  and a r e  shown i n  t h e  l a s t  
column i n  t h e  t a b l e .  A l l  va lues  a r e  rounded o f f  f o r  c l a r i t y .  
Table 2 shows t h e  t o t a l  exergy change between t h e  
s t a t i o n s  i n  t h e  syste,m. and t h e  s e p a r a t e  work and exergy l o s s  
values .  The columns on t h e  r i g h t  t a b u l a t e  t h e  i r r e v e r s i b l e  
exergy l o s s e s .  The exergy l o s s e s  e n t e r e d  i n t o  t h e  columns a t  
t h e  r i g h t  p a r t  of Table 2 a r e  c a l c u l a t e d  from t h e  i r r e v e r s i b l e  
product ion of en t ropy  caused by t h e  i n d i v i d u a l  l o s s e s .  The 
types  of exergy l o s s e s  and t h e  number of t h e s e  columns w i l l  
vary a s  a f u n c t i o n  of t h e  complexity,  s i z e  and degree  of 
s o p h i s t i c a t i o n  of t h e  system and t h e  a n a l y t i c a l  goa l s .  
The exergy changes i n  t h e  compressor a r e  d iv ided  i n t o  
t h e  i n p u t  work and t h e  t o t a l  exergy l o s s  from f r i c t i o n ,  f l u i d  
tu rbu lence  and bear ings .  This exergy l o s s  g e n e r a l l y  is n o t  
f u r t h e r  s e p a r a t e d  i n t o  i n d i v i d u a l  l o s s e s  i n  a system a n a l y s i s  
bu t  would be i n  a component des ign  a n a l y s i s .  The h e a t  
exchanger exergy change is 100% losswhere no work is en te red  o r  
removed from t h e  component. The t o t a l  h e a t  exchanger exergy 
l o s s  is  comprised of t hose  due t o  temperature  d i f f e r e n c e  
between t h e  f l u i d  s t reams and t h e  v i scous  p re s su re  drop  i n  t h e  
f l u i d  s t reams.  The exergy change i n  a  Joule-Thomson expander 
i s  a comple te  l o s s  s i n c e  t h e  p rocess  is i s e n t h a l p i c  and no work 
is produced w h i l e  e n t r o p y  is  produced. The magnitude of t h e  
exergy  l o s s  i n  a  J - T  expans ion is a s t r o n g  f u n c t i o n  of t h e  
t e m p e r a t u r e  a t  which t h e  expansion o c c u r s .  P r e c o o l i n g  t h e  
working f l u i d  t o  lower t empera tu res  w i l l  r educe  t h e  J - T  a c t u a l  
exe rgy  l o s s  b u t  t h i s  is p a r t l y  compensated by t h e  a d d i t i o n a l  
work i n t r o d u c e d  a t  t h e  h i g h e r  t empera tu re  l e v e l  t o  perform t h e  
p r e c o o l i n g .  
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The i n d i v i d u a l  l o s s e s  i n  t h e  sys tem mechanical  components, 
i . e .  b e a r i n g  l o s s ,  windage l o s s ,  s h u t t l e  l o s s ,  h e a t  l o s s ,  mass 
l e a k a g e  l o s s ,  and misce l l aneous  f r i c t i o n a l  l o s s e s  a r e  ana lyzed  
d u r i n g  t h e  component d e s i g n  phase.  The i n c l u s i o n  of  t h e s e  
i n d i v i d u a l  i r r e v e r s i b l e  l o s s e s  i n  a sys tem a n a l y s i s  w i l l  depend 
on t h e  d e s i r e d  d e g r e e  o f  s o p h i s t i c a t i o n  of  t h e  sys tem a n a l y s i s .  
T y p i c a l  o v e r a l l  component e f f i c i e n c i e s  were used f o r  t h e  
mechanica l  components i n  t h e  examples i n  t h i s  paper .  
The exergy  a n a l y s i s  of t h e  h e a t  exchanger  is a d i f f e r e n t  
s i t u a t i o n  s i n c e  t h e  i d i v i d u a l  performance f e a t u r e s  of h e a t  
exchangers  ( h e a t  t r a n s f e r ,  p r e s s u r e  d r o p ,  l o n g i t u d i n a l  
c o n d u c t i o n )  c a n  be r e a d i l y  c a l c u l a t e d  u s i n g  e m p i r i c a l l y  d e r i v e d  
d a t a  and t h e  exergy  l o s s e s  c a n  be s p e c i f i c a l l y  d e f i n e d .  
Second law exergy  a n a l y s e s  of h e a t  exchangers  t h a t  have been 
r e p o r t e d  i n  t h e  l i t e r a t u r e  ( r e f .  10) p o i n t  o u t  t h e  need t o  
b a l a n c e  t h e  p r e s s u r e  d r o p  exergy  l o s s e s  w i t h  t h e  h e a t  t r a n s f e r  
exe rgy  l o s s e s  f o r  optimum h e a t  exchanger  performance.  
However, t h e  minimum exergy  l o s s  i n  a  h e a t  exchanger  component 
may n o t  be t h e  b e s t  f o r  minimum sys tem e x e r g y  l o s s  because  of 
t h e  i n t e r a c t i n g  e f f e c t s  of a  component o p e r a t i n g  c o n d i t i o n s  on 
o t h e r  components i n  t h e  system. The s e n s i t i v i t y  of  a sys tems 
o v e r a l l  e x e r g e t i c  e f f i c i e n c y  t o  t h e  p r e s s u r e  d rop / t empera tu re  
d i f f e r e n c e  r a t i o  of  a  h e a t  exchanger has  n o t  been a d e q u a t e l y  
examined, b u t  t h i s  cou.ld be a  p a r t i c u l a r l y  i m p o r t a n t  f a c t o r  i n  
c r y o g e n i c  sys tems w i t h  expanders  s i n c e  b o t h  t e m p e r a t u r e  
d i f f e r e n c e  and p r e s s u r e  d r o p  effects a r e  s o  s i g n i f i c a n t .  
Component o p t i m i z a t i o n  f o r  minimum e x e r g y  l o s s  (maximum 
performance)  must be performed w i t h i n  t h e  o v e r a l l  sys tem 
requ i rements  a s  d i c t a t e d  by t h e  sys tem c r i t e r i a .  Depending on 
t h e  a p p l i c a t i o n ,  t h e s e  sys tem c r i t e r i a  c a n  i n v o l v e  t h e  t o t a l  
s y s t e m  power, c o s t ,  r e l i a b i l i t y ,  weight  o r  volume o r  
combinat ions  of  them. 
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The 3 s t a g e  sys tem a n a l y z e d  i n  t h i s  paper  is shown i n  
F ig .  3 and is g e n e r a l l y  based on t h e  performance pa ramete r s  of  
t h e  h y b r i d  r e f r i g e r a t o r  d e s c r i b e d  by Matsubara ( r e f .  1 A 
Brayton c y c l e  r e p l a c e s  t h e  S t i r l i n g  c y c l e  f o r  t h e  upper  two 
s t a g e s  s i n c e  t h e  Brayton c y c l e  is more amenable t o  
d e m o n s t r a t i n g  t h e  exergy  method. The t e m p e r a t u r e s  and o p e r a t i n g  
c o n d i t i o n s  a r e  g i v e n  i n  F i g .  3 f o r  t h i s  system. A s t a t i o n  
p r o p e r t y  t a b l e ,  s i m i l a r  t o  T a b l e  1, f o r  t h i s  sys tem is t o o  
large f o r  t h i s  paper  a s  is t h e  c a s e  a l s o  f o r  t h e  exergy  l o s s  
t a b l e ,  Table  2.  The sys tem c h a r a c t e r i s t i c s  i n c l u d i n g  t h e  
i n d i v i d u a l  component e x e r g y  l o s s e s  a r e  shown i n  t h e  sys tem 
s c h e m a t i c ,  F ig .  4 .  T h i s  s c h e m a t i c  shows t h e  d i s t r i b u t i o n  of t h e  
component exe rgy  l o s s e s  and c l e a r l y  i n d i c a t e s  t h e  components 
t h a t  a r e  dominant  i n  c a u s i n g  t h e  h i g h  s p e c i f i c  work 
r e q u i r e m e n t s  f o r  sys tem o p e r a t i o n .  
A summary of  t h e  work c h a r a c t e r i s t i c s  i n  t h i s  sys tem is 
g i v e n  i n  Tab le  3. The sum of  a l l  t h e  work and exergy  l o s s e s  i n  
t h e  sys tem,  e x c l u d i n g  t h e  compressor ,  p r o v i d e s  t h e  b a s e , w o r k  
l o a d  o f  t h e  compressor .  T h i s  l o a d  p l u s  t h e  compressor  l o s s  is 
t h e n  t h e  i n p u t  power t o  t h e  compressor .  
FIGURE J 3 STAGE CRYOCOOLER DATA 
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The exergy  method of  a n a l y s i s  is a  t o o l  t h a t  can  p rov ide  t h e  
sys tems e n g i n e e r  wi th  a  view of t h e  r e a l  l o s s e s  th roughou t  t h e  
sys tem based on t h e  f i r s t  and second law of  thermodynamics 
modif ied f o r  r e a l  e n g i n e e r i n g  sys tems .  I t  a l lows  l o s s e s  due 
t o  t h e  i r r e v e r s i b l e  p r o d u c t i o n  of e n t r o p y  t o  be d i r e c t l y  and 
s imply  c a l c u l a t e d  w i t h  l i t t l e  e f f o r t  beyond t h e  f i r s t  law h e a t  
ba lance .  
The exergy  method is  f u l l y  developed f o r  a p p l i c a t i o n  t o  
sys tems a n a l y s i s .  Its a p p l i c a t i o n  is most s u i t a b l e  t o  complex 
sys tems i n v o l v i n g  m u l t i p l e  components and c i r c u i t s  s i n c e  it 
t r a c k s  t h e  d e g r a d a t i o n  o f  t h e  a v a i l a b l e  work th roughou t  t h e  
sys tem.  T h i s  in fo rmat ion  is i m p o r t a n t  f o r  o p t i m a l  d e s i g n  and 
o p e r a t i o n  of  complex sys tems.  
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I. I n t r o d u c t i o n  
I n  a r e c e n t  rev iew paper by Seume and simonl e v i d e n c e  i s  
summarized f o r  t h e  e x i s t e n c e  of o s c i l l a t i n g  f l o w  e f f e c t s  i n  t u b e s ,  porous 
materials and corresponding S t i r l i n g  eng ine  h e a t  exchangers i regenera to rs .  
S i n c e  C r y o c o o l e r s  use  he l ium g a s  u s u a l l y  f a r  removed from t h e  c r i t i c a l  
t empera tu re  of 5.26 K t h e  p e r f e c t  g a s  law h o l d s  f o r  t h e  c r y o c o o l e r  working 
f l u i d .  Thus  e n g i n e  r e s u l t s  s h o u l d  a p p l y  t o  c r y o c o o l e r s .  T h e r e  a r e  
d i f f e r e n c e s  i n  t h e  v a l u e s  of k i n e t i c  v i s c o s i t y  and k i n e t i c  Reynolds number 
b e t w e e n  e n g i n e s  and  c r y o c o o l e r s  d u e  t o  d i f f e r e n t  o p e r a t i n g  p a r a m e t e r s .  
These d i f f e r e n c e s  do n o t  however a l te r  t h e  c o n c l u s i o n  t h a t  i n  c r y o c o o l e r  
r e g e n e r a t o r s  i n s t a b i l i t i e s  o r  l a r g e  bounded f l u c t u a t i o n s  are r u l e d  o u t  
accord ing  t o  normal c r i t e r i a .  
S t i l l  Seurne a n d  Simon q u o t e  e x p e r i m e n t a l  r e s u l t s  by K i m  2 9 3  which 
show t h a t  i n  r e g e n e r a t o r s  s teady-f low f r i c t i o n  f a c t o r s  a r e  exceeded by a s  
much as 20%. More r e c e n t l y  much l a r g e r  i n c r e a s e s  i n  o s c i l l a t o r y  f r i c t i o n  
f a c t o  s, a r e  r e p o r t e d  by t h e  Argonne Revers ing  Flow T e s t  F a c i l i t y  (RFTF)  group''^. V a l u e s  of o s c i l l a t o r y  f r i c t i o n  f a c t o r s  4 t o  6 times l a r g e r  t h a n  
corresponding s t e a d y  f l o w  v a l u e s  are repor ted .  
S i n c e  t h e  o p e r a t i n g  c o n d i t i o n s  i n  r e g e n e r a t o r s  are f a r  removed from 
t h o s e  which might be expected t o  g i v e  rise t o  i n s t a b i l i t y  o r  l a r g e  bounded 
f l o w  f l u c t u a t i o n s ,  t h e r e  seems t o  be a dilemma about  what a c t u a l l y  t a k e s  
p l a c e  i n  S t i r  l i n g  machine r e g e n e r a t o r s  under o c i l l a t o r y  f l o w  condi t ions .  8 I n  a p r e v i o u s  p a p e r ,  (Seume and  Simon (1986)) c o n c l u d e  t h a t  t h e  u s e  o f  
quas i - s t eady  c o r r e l a t i o n s  i n  S t i r l i n g  machine h e a t  exchanger i regenera to r  
d e s i g n  is  probab ly  i n c o r r e c t .  
11. U n r e s t r i c t e d  f o r m u l a t i o n  of one dimensional  O s c i l l a t i n g  Flow Model 
L i s t  of Greek L e t t e r  Nota t ions  
Z/ k i n e t i c  v i s c o s i y  of helium gas  working F l u i d  i n  m 2 / s  
,a d e n s i t y  of helium gas  i n  kgm/m 3 
a n g u l a r  f requency i n  r a d i a n s / s  
? r e d u c e d  u n i t l e s s  c h a n n e l  v a r i a b l e  c o r r e s p o n d i n g  t o  c o o r d i n a t e  
v a r i a b l e  y  p e r p e n d i c u l a r  t o  f l o w  d i r e c t i o n  x. I f  width  of channe l  is  
"att t h e n  =y/a 
7 
d Wormesley number. I f  "a" i s  channe l  width  t h e n  
a = && 
I 
t h i c k n e s s  of boundary l a y e r  f o r  a t h i n  p l a t e  see, s e c t i o n  I11 
A v e r y  u s e f u l  i n i t i a l  a p p r o a c h  t o  t h e  p r o b l e m  of o s c i l l a t i n g  f l o w  
u s i n g  a one d imens iona l  model h a s  been g i v e n  by Gedeon . Seume and Simon 1 
p o i n t  o u t  t h a t  i n  i t s  o r i g i n a l  con£ i g u r a t i o n  t h e  o n e  d i m e n s i o n a l  mode l  
g i v e s  i n c o r r e c t  phase s h i f t s  of p r e s s u r e  drop and w a l l  s h e a r  s t r e s s  w i t h  
r e s p e c t  t o  a s e c t i o n  averaged  e f f e c t i v e  mass f l o w  v e l o c i t y .  We would l i k e  
t o  p o i n t  o u t  t h a t  w i t h  a more g e n e r a l  complex v e c t o r  f o r m u l a t i o n ,  such a s  
can be used i n  AC c i r c u i t  t h e o r y ,  t h e s e  r e s t r i c t i o n s  can be removed. 
C a p i t a l  G i n  t h e  e q u a t i o n  numbers  r e f e r s  t o  e q u a t i o n  numbers  o f  
r e f .  7. 
The one d imens iona l  model of Gedeon (1986)~ starts w i t h  t h e  momentum 
e q u a t i o n  
S u b s c r i p t s  r e f e r  t o  p a r t i a l  d i f f e r e n t i a t i o n  a n d  Px i s  a c o n s t a n t  
p r e s s u r e  g r a d i e n t .  R e f e r r i n g  t o  a c h a r a c t e r i s t i c  l e n g t h  "a" t h e  
d i m e n s i o n l e s s  v a r i a b l e  7 = y/a is  i n t r o d u c e d  and it is assumed t h a t  t h e  
real v e l o c i t y  U(x,y,t) t a k e s  t h e  form 
One r e s t r i c t i o n  which w i l l  immediate ly  be removed is t o  r e q u i r e  Px 
and  U t o  b o t h  b e  r e a l ,  w h i c h  a u t o m a t i c a l l y  p u t s  them i n  p h a s e .  A n o t h e r  
r e s t r i c t i o n  w h i c h  w i l l  b e  r e m o v s d  f u ~ t h e r  on  i s  t o  r e l a x  t h e  t o t a l  
s u p r e s s i o n  of t h e  c o n v e c t i v e  term v * V V  of t h e  momentum equat ion.  A 
4 
te rm of t h e  f o r m 7 4  U ( t h e  product  of two complex v e c t o r s ,  where t h e  
c o n s t a n t  v e c t o r  r e p r e s e n t s  a  c o n s t a n t  v e l o c i t y  g r a d i e n t  down t h e  f l o w  
c h a n n e l  ( Oseen approximat ion))  can be used t o  i n t r o d u c e  a  much needed 
a d d i t i o n a l  l e n g t h  i n t o  t h e  model. 
To r e m o v e  t h e  p h a s e  r e s t r i c t i o n  imposed  by r e a l  v e l o c i t y  and  r e a l  
p r e s s u r e  g r a d i e n L w e  l e t  U of G3 (Gedeon e q u a t i o n  3) be r e p r e s e n t e d  by a 
complex v e c t o r  U. G e o m e t r i c a l l y  U may be cons ide red  a s  a  two d imens iona l  
c a r t e s i o n  v e c t o r  i n  a n  x-y c o o r d i n a t e  sys tem wi th  c o o r d i n a t e s  g i v e n  by t h e  - 4 p a i r  (U1, Up) a l o n g  t h e  u n i t  v e c t o r s  ? and . (i.e. U = U i + U2 j ). - I B w i l l  r e p r e s e n t  complex v e c t o r  m u l t i p l i c a t i o n .  For example o r  t h e  2 0  U 
term r e f e r r e d  t o  above,  t h e  c a r t e s i a n  r e p r e s e n t a t i o n  of t h e  product  is: 
The above  p roduc t  c o u l d  a l s o  be expressed  i n  p o l a r  r e p r e s e n t a t i o n .  
The  t ime d s e n d e n t  f a c t o r  eiWt = ( c o s w t ,  s i n w t ) ,  w h i c h  o c c u r s  i n  a l l  
t h e  U and Px v e c t o r s  of t h e  g e n e r a l i z e d  (Gl) o r  (G24), d i v i d e s  o u t  of  a l l  
t h e  terms of t h e  l i n e a r  e q u a t i o n  l e a v i n g  a  combinat ion of s t a t i c  v e c t o r s  
which r e t a i n  f i x e d  a m p l i t u d e s  and phases. The s e c t i o n  averaged  ve locAty  
<U> (Gl9J a n l f a c c e l e r a t i o n  <Ut> are then  r e p r e s e n t e d  by s t a t i c  v e c t o r s  U 
and U) j 4  U. With t h e s e  remarks (G24) t a k e s  t h e  compact form: 
d * 
w h e r e  t% i s  t h e  s q u a r e d  Wormers ley  number. Px and  S c o i r e s p o n d  t o  t h e  
s i m i l a r  q u a n t i t i e s  of (G24). A j u s t i f i c a t i o n  f o r  i n t r o d u c i n g  new n o t a t i o n  
i s  t h a t  we now h a v e  two e q u a t i o n s  i n s t e a d  of one. I n  componen t  f o r m  ( 1 )  
g i v e s  
4 
The complex v e c t o r  Px is t a k e n  as t h e  real v e c t o r  (px ,0) and 
(2) c o r r e s p o n d s  e x a c t l y  t o  (G24) i f  (G20) is w r i t t e n  as 
* (3) i s  t h e  c o m p l e x  c o m p l e t i o n  o f  (G24). S r e p r e s e n t s  t h e  c o m p l e x  
o s c i l l a t i n g - f l o w  s h e a r  s t r e s s  a s  i n  r e f .  7 
C o n t r a r y  t o  t h e  r e m a r k  made i n  r e f .  7 ,  t h e  s t e a d y - f l o w  l i m i t i s  n o t  
o b t a i n e d  s imply  from t h e  l i m i t  d- 0. What i s  r e q u i r e d  i s  f o r  U t o  be 
i n  p h a s e  w i t h  s o  t h a t  S 2  = - 01'12 . T h i s  may b e  s e e n  f rom ( I ) ,  ( 2 )  
and (3)  by i n s p e c t i o n .  
W h i l e  i n  r e f .  7 S  i s  t a k e n  as c o m p l e x  t h e r e  i s  no  p r o v i s i o n  f o r  a 
p h a s e  s h i f t  b e t w e e n  mean v e l o c i t y  and  a p p l i e d  p r e s s u r e .  The a c t u a l  
s i t u a t i o n  e x i s t i n g  i n  c r y o c o o l e r  r e g e n e r a t o r s  i s  t h a t  e v e n  a t  h i g h  
f r e q u e n c i e s  t h  t o t a l  p r e s s u r e  d r o p  is e s s e n t i a l l y  due t o  t h e  f r i c t i o n a l  
componen t  o f  -f4,' w h i c h  i s  i n  p h a s e  w i t h B b u t  n o t  n e c e s s a r i l y  w i t h  if, 
as r e q u i r e d  i n  a o n e ~ o m p o n e n t  t h e o r y .  F o r  r e g e n e r a t o r s  t h e n  i t  i s ~ o r e  
c o n v e n i e n t  t o  t a k e  U a s  a p h a s e  r e f e r e n c e  a n d  make i t  r e a l  and  l e t  Px b e  
a n  a r b i t r a r y  complex v e c t o r .  
A c c o r d i n g  t o  r e f .  4 , 5 ,  S  m u s t  b e  p a r a l l e l  t o  U s o  S  = s U ,  w h e r e  so 
is a s c a l o r  q u a n t i t y  w i t h  u n i t s  s / m .  Eqn. 1 t h e n  t a k e s  t h e  t o r n :  
+ 
It i s  s e e n  t o  b e  c o n v e n i e n t ,  as h a s  b e e n  d o n e ,  t o  t a k e  U as  a r ea l  
v e c t o r  and l e t  < be r o t a t e d  a t  some a n g l e  r e l a t i v e  t o  I n  c r y o c o o l e r s  
r e p r e s e n t a t i v e  v a l u e s  are 
2 0.01 a n d  (r} 1.0 m / s  s o  f o r  s i g n i f i c a n t  p h a s e  s h i f t  t o  b e  
obse rved  so < 0.1 s / m  where t h e  u n i t s  of  so are one o v e r  v e l o c i t y .  
F i g u r e  1 
- - 
From f i g u r e  1 t h e  a n g l e  be tween  U and  -Px i s  d e t e r m i n e d  f rom t h e  
e x p r e s s i o n  ( t h e  common f a c t o r  r d i v i d e s  o u t  of t h e  q u o t i e n t ) :  
S i n c e  r e a c t i v e  p r e s s u r e  d r o p s  t h r o u g h  t h e  r e g e n e r a t o r  a re  t h e m s e l v e s  
r e l a t i v e l y  s m a l l  0 may be l a r g e l y  detemined by t h e  p r e s s u r e  d rops  i n  t h e  
h e a t e r  and c o o l e r  which makes t h e  r i g i d  e x p r e s s i o n  of eqn. 5 d i f f i c u l t  t o  
a p p l y .  To remove  t h e  c o n s t r a i n t  upon t a n g ,  g n  a d d i t i o n a l  t e r m ,  T Q ~  
(Oseen t e r m ) ,  c a n  be a d d e d  t o  eqn.  4. S i n c e  b  i . a  v e c t o r  m z n t  t o  b e  
r o t a t e d  ( s e e  F i g .  2)  i t  i s  c o n v e n i e n t  t o  w r i t e  b i n  t h e  f o r m  b = b F ( @ )  
w h e r e  b i s  t h e  a b s o h t e  v a l u e q f  and-$?(@) i s  a  u n i t  v e c t o r  p o i n t i n g  
i n  t h e  d i r e c t i o n p f  b. Because F(@) a l s o  re r e s e n t s  a complex number, t h e  
p roduc t  T Q )  D U r e s u l t s  i n  t h e  v e c t o r  $simplerotated by Q from i t s  
o r i g i n a l  d i r e c t i o n .  I n  c a r t e s i a n  r e p r e s e n t a t i o n  F(Q) = (cosQ, s i n e )  and 
t h e  c o m p l e x  p r o d u c t  ( c o s 0 ,  s i n @ )  B v c a n  b e  expanded  t o  l o o k  l i k e  a 
r o t a t i o n  m a t r i x  a c t i n g  upon 
1 )' awls 
F i g u r e  2 
From Fig.:! it c a n  b e  s e e n  t h a t  f o r  t h e  a n g l e  b e t w e e n  p r e s s u r e  
g r a d i e n t  and mean v e l o c i t y  t o  be c o m p l e t e l y  f r e e  i t  is  r e q u i r e d  t h a t  
3 3 & - -  
l 7 ) b  >(TI where A = U B J + -o-U B U 
0(2 
F i n a l l y ,  i f  (2)  a n d  ( 3 )  are s o l v e d  f o r  U1 and  U2 i n  terms o f  S1 and  
S2 t h e n  two ''Ohms law" t y p e  r e l a t i o n s  are o b t a i n e d  similar t o  t h e  Ohms Law 
a n d  t h e  c a p a c i t o r  l a w  u s e d  t o  d e r i v e  t h e  d i f f e r e n t i a l  e q u a t i o n  o f  s a y  a 
series RC c i r c u i t .  For  t h e  hydrodynamic case t h e  d i f f e r e n t i a l  e q u a t i o n  i s  
p u t  i n t o  v e c t o r  form and t h e  r e s u l t i n g  l i n e a r  e q u a t i o n s  y i e l d  hydrodynamic 
"Ohms laws" which  c o r r e s p o n d  t o  V = I R  and  t h e  c a p a c i t o r  law f o r  AC 
c i r c u i t s .  F o r  t h e  AC c i r c u i t  c a s e  t h e  "Ohms laws" a r e  f i r s t  be p u t  i n t o  
v e c t o r  fo rm and  t h e n  u s e d  t o  w r i t e  down t h e  d i f f e r e n t i a l  e q u a t i o n .  I n  
both  c a s e s  v e c t o r  forms a r e  a common o r  connec t ing  l i n k .  
111.. Hydrodynamics n o t  A p p l i c a b l e  t o  Regenera to rs  
A c c o r d i n g  t o  ~ e f f e r i e s ~  t h e  t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  t h e  
boundary l a y e r  t h e o r y  of P r a n d t l  is t h a t  f o r  d i s t a n c e s  l a r g e  compared wi th  
1 = 2 f r o m  a  v o r t i c i t y  s o u r c e  t h e  v o r t e x  i n t e n s i t y  i s  n e g l i g i b l y  
smal l  ( t  i s  a c h a r a c t e r i s t i c  t i m e ) .  T h i s  £ 0 1  l o w s  f r o m  t h e  e x p o n e n t i a l  
s o l u t i o n  of t h e  Helmhol tz  e q u a t i o n  which d e s c r i b e s  t h e  d i f f u s i v e  motion of 
v o r t i c e s  i n  a  v i s c o u s  medium. I f  a v a l u e  o f  t i s  d e t e r m i n e d  f r o m  some 
c h a r a c t e r i s t i c  l e n g t h  and v e l o c i t y  r e l a t i n g  t o  a p a r t i c u l a r  hydrodynamics 
problem t h e n  t h e  v o r t e x  d i f f u s i o n  l e n g t h  i s  determined and g i v e s  t h e  width 
of a boundary l a y e r .  For i n s t a n c e  f o r  a  t h i n  f l a t  p l a t e  one d e f i n e s  t h e  
boundary l a y e r  t h i c k n e s s  6 = d m &  by t a k i n g  t = x/Vw where x i s  t h e  
d i s t a n c e  a l o n g  t h e  p l a t e  a n d  V c o  a s t e a d y  v e l o c i t y  f a r  f r o m  t h e  p l a t e .  
The e q u a t i o n  and  s o l u t i o n  o f  B l a s i u s  f o r  t h e  t h i n  p l a t e  p r o b l e m  t h e n  
f o l l o w s  from t h e  s u b s t i t u t i o n  3 = Y/J i n t o  t h e  P r a n d t l  boundary l a y e r  
equa t ions .  y  i s  t h e  p e r p e n d i c u l a r  d i s t a n c e  from t h e  p l a t e .  The v a l i d i t y  
of t h i s  t y p e  of s o l u t i o n  i n  a e r o d y n a m i c s  i s  known. I n  S c h l i e r e n  
p h o t o g r a p h s  o f  s u p e r s o n i c  f l o w  i n  a wind t u n n e l  t h e  d e p e n d e n c e  o f  
& is d i r e c t l y  o b s e r v a b l e .  
For s t e a d y  f l o w  i n  a c l o s e d  channe l  a t  h i  h  Reynolds  number one a l s o  
speaks  of a t h i n  boundary l a y e r  of t h i c k n e s s  b . A f t e r  p a s s i n g  from t h e  
channe l  w a l l  through t h e  boundary l a y e r  one e n t e r s  i n t o  a c e n t r a l  r e g i o n  
of uniform v e l o c i t y  f l o w  c a l l e d  "plug flow" i n  which t h e r e  is  n e g l i g i b l e  
t r a n s v e r s e  v e l o c i t y  g r a d i e n t .  
M a t h e m a t i c a l l y  a t h i n  l a m i n a r  boundary l a y e r  may be d e s c r i b e d  as a  
l i m i t i n g  v o r t e x  s h e e t  which s u p p l i e s  a d i s c o n t i n u i t y  i n  t h e  f l o w  v e l o c i t y  
U a t  t h e  channe l  s u r f a c e .  T h i s  i s  necessa ry  f o r  s a t i s f y i n g  t h e  r i g o r o u s  
U = 0 boundary v a l u e  a t  t h e  c h a n n e l  s u r f a c e .  The p h y s i c a l  p i c t u r e  i s  t h a t  
of v o r t i c e s  being c o n s t a n t l y  c r e a t e d  o r  n u c l e a t e d  w i t h i n  t h e  t h i n  v o r t e x  
s h e e t  t h u s  r e p l a c i n g  v o r t i c e s  w h i c h  are  b e i n g  c o n s t a n t l y  e x p e l l e d  by 
d i f f u s i o n  ( d e s c r i b e d  by t h e  H e l m h o l t z  e q u a t i o n )  i n t o  t h e  u n i f o r m  c o r e  
where t h e i r  i n t e n s i t y  e x p o n e n t i a l l y  decreases .  
I f  t h e  f l o w  i s  n e a r  a c r i t i c a l  R e y n o l d s  number t h e  v o r t i c e s  c a n  
d i f f u s e  o u t  of t h e  boundary l a y e r  w i t h  i n t e n s i t y  s u f f i c i e n t  t o  n u c l e a t e  
l a r g e  bounded f l u c t u a t i o n s  o r  t u r b u l a n c e  i n  t h e  c o r e  f l o w .  A b o v e  t h e  
c r i t i - c a l  Reynolds  number t h e  v o r t i c e s  d i f f u s e  o u t  of t h e  boundary l a y e r  
w i t h  i n t e n s i t y  s u f f i c i e n t  t o  n u c l e a t e  l a r g e  f l o w  f l u c t u a t i o n s  
( t u r b u l e n c e ) .  
The l a m i n a r  boundary l a y e r  a l s o  p l a y s  a r o l e  i n  t h e  d e s c r i p t i o n  of 
9 
t h e r m a l  a d v e c t i o n  f o r  o s c i l l a t i n g  f l o w  i n  a  c l o s e d  c h a n n e l - .  T h i s  can be 
t h e  c a u s e  o f  a v e r y  e f f i c i e n t  f o r m  of h e a t  t r a n s p o r t  which  i n  ~ r i n c i p l e  
c o u l d  produce l a r g e  conduct ion l o s s e s  i n  r e g e n e r a t o r s .  I n  a c r y o c o o l e r  
c o n t e x t  t h e  e f f e c t  i s  mos t  s i m p l y  d e s c r i b e d  as  a  t y p e  of " s h u t t l e - l o s s "  
a c r o s s  t h e  t h i n  b o u n d a r y  l a y e r .  W h i l e  t h e  o r i g i n a l  m a t h e m a t i c a l  
f o r m u l a t i o n  of t h i s  t y p e  of e f f e c t  f o r  t h e  c a s e  of mass d i f f u s i o n l o  made 
no committment t o  a  t h i n  boundary l a y e r ,  c a s e s  of a c t u a l  a p p l i c a t i o n s  of 
t h e  t h e o r y  and  e x p e r i m e n t a l  v e r i f i c a t i o n s 9  h a v e  a l l  c o n s i d e r e d  t h e  
boundary l a y e r  t o  be t h i n .  It is  o f t e n  s t a t e d  i n  t h e  l i t e r a t u r e ,  probably  
c o r r e c t l y ,  t h a t  t h e  e f f e c t  i s  t o  be  a s s o c i a t e d  w i t h  t h i n  boundary l a y e r s .  
I n  t h i s  c a s e  a s  p o i n t e d  o u t  i n  t h e  n e x t  s e c t i o n  t h e  o s c i l l a t i n g  f l o w  
t h e r m a l  a d v e c t i o n  e f f e c t  h a s  no r e l e v a n c e  t o  o s c i l  a t i n g  f l o w  i n  1I c r y o c o o l e r  r e g e n e r a t o r s .  I n  a  r e c e n t  paper S i e g e 1  (1987) h a s  c a l c u l a t e d  
t h e  o s c i l l a t i n g  f l o w  h e a t  a d v e c t i o n  u s i n g  a Darcy Law d e s c r i p t i o n  of t h e  
r e g e n e r a t o r  f l o w .  H i s  f o r m u l a s  i n d i c a t e  a g a i n  t h a t  t h e  e f f e c t  i s  
n e g l i g i b l e  i n  r e g e n e r a t o r s  of r e a s o n a b l e  the rmal  e f f e c t i v e n e s s .  
I V .  Hydrodynamics a p p l i c a b l e  t o  Regenera to rs  
I f  t h e  r e g e n e r a t o r  of a c r y c o o l e r  o p e r a t i n g  between 300 K and 75 K i s  
d i v i d e d  i n t o  two p a r t s  t h e n  a r e p r e s e n t a t i v e  k inemat ic  v i s c o s i t y  f o r  t h e  
h e l i u m  g a s  ig t g e  h o t t e r  h a l f  i s  3.0 x m 2 / s  and  f o r  t h e  c o l d e r  h a l f  
i s  1.5 x  10- m /s. F o r  a 1 2  m s  h a l f  p e r i o d  t h i s  t h e n  g i v e s  a v o r t e x  
d i f f u s i o n  l e n g t h  ( 1  = 2 f i  ) o f  lH= 0.40 mm f o r  t h e  h o t  p a r t  and  
lK = 0.30 mm f o r  t h e  c o l d  p a r t .  A r e p r e s e n t a t i v e  hydrodynamic d iamete r  is 
a b o u t  0.05 mm. Thus  i n  o n e  h a l f  p e r i o d  v o r t i c e s  c r e a t e d  i n  t h e  
r e g e n e r a t o r  s p a c e  c a n  f i l l  up a c e l l  i n  a b o u t  15% of  t h e  h a l f  p e r i o d .  
T h u s  f o r  a b o u t  85% of  t h e  h a l f  p e r i o d  t h e  f l o w  i n  a  c e l l  i s  f u l l y  
d e v e l o p e d  i n  t h e  s e n s e  t h a t  v o r t i c e s  c o m p l e t e l y  p e n e t r a t e  t h e  volume.  
T h i s  r o u g h l y  means t h a t  f o r  a b o u t  85% o f  t h e  t i m e  t h e  q u a s i - s t e a d y  f l o w  
p i c t u r e  s h o u l d  be  a p p l i c a b l e  and f o r  abou t  15% of t h e  time it is n o t  s i n c e  
t h e  v o r t e x  d i s t r i b u t i o n  h a s  n o t  reached a  s t e a d y  state. 
The non-steady v o r t e x  d i s t r i b u t i o n  can h a r d l y  be cons idered  as a form 
of  hydrodynamic  i n s t a b i l i t y .  However as f l o w  a c c e l e r a t e s  i n  t h e  "non- 
s teady" p o r t i o n  o f  t h e  c y c l e  e x t r a  energy i s  r e q u i r e d  t o  c r e a t e  t h e  v o r t e x  
d i s t r i b u t i o n  c h a r a c t e r i z i n g  t h e  s t e a d y  s t a t e  w h i c h  f i l l s  up a n  e n t i r e  
c e l l .  A l s o  c o u n t e r  r o t a t i n g  v o r t i c e s  r e m a i n i n g  f rom t h e  p r e v i o u s  h a l f  
c y c l e  w i l l  a b s o r b  a d d i t i o n a l  energy a t  t h i s  s t a g e  when i n t e r a c t i n g  w i t h  
t h e  newly c r e a t e d  v o r t i c e s .  
There  may a l s o  be  a s t e a d y  non-perturbed v o r t e x  d i s t r i b u t i o n  i n  t h e  
n e i g h b o r h o o d  o f  a wire o f  mesh, s imi la r  t o  a wake. O s c i l l a t i n g  f l o w  
e n h a n c e s  t h i s  e f f e c t  as  shown i n  F i g .  3 s i n c e  f l o w  o c c u r r i n g  i n  two 
d i r e c t i o n s  can produce "wakes" on bo th  s i d e s  of an  o b s t r u c t i o n .  
Both t h e  above  mentioned e f f e c t s  can r e s u l t  i n  p r e s s u r e  d rops  l a r g e r  
t h a n  t h a t  of t h e  cor responding  s t e a d y  f low.  
Figur  3. Wakes n e a r  a n  O b s t r u c t i o n .  Arrows i n d i c a t e  t h e  f l o w  
d i r e c t i o n .  
V. An experimental  sugges t ion  
It would seem t h a t  d e t a i l e d  c a l c u l a t i o n  r e q u i r e s  t h e  a u t h o r i t y  of 
more e x p e r i m e n t a l  i n f o r m a t i o n .  We wish  t o  s u g g e s t -  t h e  p o s s i b i l i t y  of  
u s i n g  t h e  a b s o r b t i o n  of  u l t r a s o n i c  waves  a s  a  p r o b e  of  t h e  p o r o u s  f l u i d  
f i l l e d  regenera tor  s t r u c t u r e .  The u l t r a s o n i c  abso rb t ion  method is  used i n  
a  v a r i e t y  o f  f l u i d  f i l l e d  c o n s o l i d a t e d  o r  unconso  d a t e d  s y s t e m s  t o  li determine e l a s t i c  modulae or  a c o u s t i c  wave v e l o c i t i e s  . It is p o s s i b l e  
t h a t  a c o u s t i c  measurements on o s c i l l a t i n g  f l ows  could  produce r e a l  time 
information on t h e  vo r t ex  d i s t r i b u t i o n s  suggested i n  t h e  p rev ious  sec t ion .  
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ABSTRACT 
The dwelopment of a high-power Stirling cycle refrigerator has revealed interesting 
phenomena associated with large volume transfer lines. A long, nearly adiabatic transfer 
line volume between the compressor heat exchanger and the regenerator can lead to 
thermal runaway in the gas temperature at the inlet to the regenerator. The problem is 
shown to follow from placement of the warm heat exchanger too far from the regenerator. 
Inadequate heat transfer area in the transfer line causes gas temperatures to increase 
dramatically in very short periods of time. A computer model is developed to account for 
the adiabatic transfer line and is used to compute fluid trajectories within the transfer line. 
Experimental results are presented with various configurations of heat exchangers and 
regenerator, and with transfer lines of various diameters. 
INTRODUCTION 
. Until recently, Stirling cycle refrigerators were used primarily for low power, 
cryogenic applications. The dwelopment of a high-power Stirling refrigerator operating 
near room temperature uncovered problems which were not apparent on the cryogenic 
machines. One concern was how different locations in the system of the regenerator, heat 
exchangers, and transfer line would affect the performance. Since the performance of a 
Stirling machine is dependent on havingsmall amounts of system dead volume, the size and 
location of the transfer line should have an affect on performance. 
Tests were performed to determine the effects of having long transfer lines in the 
system. The transfer line was placed in various locations relative to the heat exchangers 
and regenerator. When the transfer line was located between the regenerator and the hot 
heat exchanger, the results were unexpected. These results are discussed in the remainder 
of the paper. 
DISCUSSION 
Test Setup 
The refrigerator operates at  20 Hz with a charge of 550 psig helium. The swept 
volume of each piston is 21.2 cc and the piston motion is phased at 90 degrees. The dead 
volume of each heat exchanger core is 12 cc. The heat exchangers are helium to water, shell 
and tube type. The transfer line is 0.5 inch O.D. tubingwith a total length of 28 inches and 
a volume of 67 cc. There is approximately 10 cc of remaining dead volume in the system. 
These volumes are shown schematically in Figure 1. This configuration results in an 
actual pressure ratio of 1.46, compared to a predicted isothermal value of 1.30. 
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Figure 1 System volumes. 
Initially, the transfer line was placed between one of the heat exchangers and its 
corresponding cylinder, so that gas enters and exhausts the regenerator directly into the 
heat exchangers as shown in Figure 2. The results of this c ~ ~ g u r a t i o n  were as expected. 
The refrigeration was decreased because of the increased dead volume associated with the 
long transfer line. However, when the same length transfer line was moved between the 
regenerator and the heat rejection heat exchanger, as shown in Figure 3, the results were 
quite different. The transfer line temperature increased dramatically, and the 
refrigeration decreased further. 
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Figure 3 Second configuration. 
With the refrigerator configured with the transfer line between the regenerator and 
the hot heat exchanger, as shown in Figure 3, tests were performed to determine the 
amount of heat rejected at the transfer line and in each heat exchanger duringthe transient 
phase when the refrigerator was first turned on. The heat transfer at the heat exchangers 
was determined by measuring the water flow rate and the temperature difference of the 
inlet and outlet. The heat rejected in the transfer line during the transient phase was 
determined by measuring the rate of temperature rise, and knowing the mass and specific 
heat of the various components. 
Experimental Results 
When the setup in Figure 3 was initially tested, the transfer line temperature did not 
reach a steady state before its temperature was too high to continue the test (>400°F). 
This temperature was attained in less than two minutes of operation. A water evaporating 
jacket was placed around the outside of the transfer line, which limited the transfer line 
temperature to 268OF. The hot side of the regenerator was not actively cooled, and its 
temperature reached 318°F at steady state. 
Compilation of the temperature increase data taken from thermocouples Placed along 
the transfer line and regenerator flange showed that the greatest amount of heat was 
rejected fkom the gas along a portion of the transfer line closest to the regenerator. This 
length corresponds roughly to the distance traversed by fluid exhausting the regenerator, 
which is determined by the piston swept volume. The total heat absorbed thermally by the 
structure and tubing was approximately 300 watts in this region. The cold heat exchanger 
provided a near constant 110 watts of refrigeration while the hot heat exchanger rejected 
124 watts and the input power quickly steadied out to 283 watts. The heat balance was 
393 watts into the system and 424 watts out of the system, a difference of 6.4 percent. The 
temperature profile of the system at steady state as a function of the system volume to 
displaced volume ratio is shown in Figure 4. Again, the large temperature gradient at the 
outlet of the regenerator indicates that most of the heat is being rejected in this region. It 
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Figure 4 Steady state system temperature gradient. 
was not possible to calculate an energy balance at steady state, because it was not possible 
to measure the rate of evaporization in the water jacket. 
For comparison, when the system is operated with the same length transfer line 
located between either the hot or cold heat exchanger and the corresponding cylinder, as 
shown in Figure 2, the refrigeration is 230 watts, the heat rejected, 345 watts, and the 
input power, 144 watts, which are very acceptable results. 
Since all volumes in each setup are equal, the reason for this difference in performance 
must be due to the location of the transfer line. When both heat exchangers are located next 
to the regenerator, the gas which passes through the regenerator will have an opportunity 
to give up its heat during compression to the water in the nearly isothermal heat 
exchanger. When the volume of the transfer line between the regenerator and the heat 
exchanger is large, gas which passes through the regenerator will not be displaced enough 
to enter the heat exchanger. Since the transfer line initially has a very poor heat transfer 
coefficient on the outside, this results in its temperature risingrapidly. As the temperature 
difference across the regenerator increases, the refrigeration decreases and the input 
power increases. Most of the heat rejected at the hot heat exchanger is from the adiabatic 
compression which occurs in the cylinder, followed by gas shuttling heat down the transfer 
line and conduction in the transfer line wall. 
There is also a small amount of refrigeration present at the exit of the hot exchanger 
into the transfer line. This effect is most noticeable immediately after starting the 
refrigerator, before it is overwhelmed by the heat transfer down the transfer line by 
conduction and shuttle effects. This phenomenon will be discussed further in the next 
section. 
Computer Simulation 
A computer program was written using a lumped parameter model of the Stirling 
refrigerator to supplement the closed-form Schmidt analysis. Timewise integration of a set 
of differential equations makes it a simple matter to track fluid trajectories, and to track 
pressure drops and mass flows everywhere in the system. Fluid trajectories in the transfer 
line were calculated using Equation 1: 
dx mi, d~ X - = - - -  
dt PAin dt PRT 
where 
dx = change in distance traversed in transfer line 
dt = change in time 
min = mass flow rate into transfer line 
Ain = transfer line cross-sectional area 
dp = change in pressure 
x = distance traversed into transfer line 
R = gas constant 
T = temperature (assumed constant in transfer line) 
p = gas density at  x. 
Eq. 1 
The temperature in this case is assumed to be the average bulk fluid temperature in 
the transfer line. The trajectories of fluid particles with paths beginning at several 
locations along the transfer line are shown in Figure 5. The particle trajectories are shown 
plotted with system pressure as the ordinate. In all cases, the trajectories are traversed in 
the clockwise direction. The first trajectory is for a particle originating near the outlet of 
the warm heat exchanger (0.05 on the normalized displacement). The second trajectory is 
for a particle originating 2/10 of the way down the transfer line, and the final trajectory 
begins at  7/10 of the way down the transfer line, and the fluid particle travels up to the inlet 
of regenerator. As expected, the distance each fluid particle travels is roughly equal to the 
displaced compression or expansion volume divided by the area of the transfer line. (The 
compression volume is 21 cc, while the transfer line volume is 67 cc.) Now, if we define a 
phase to be the relationship in degrees between the maximum system pressure and the 
maximum displacement of a fluid particle in each of the three transfer line regions shown, 
it is clear that the phasing between each trajectory and the system pressure wave varies as 





I TRAJECTORY # 
NORMALIZED DISPLACEMENT 
Figure 5 Particle displaced volume vs. pressure. 
leads the maximum particle displacement by roughly 75 degrees. In the second trajectory, 
the lead is now 90 degrees. And at the regenerator end of the transfer line, the pressure now 
leads the displacement by 120 degrees. The areas enclosed within these trajectories are all 
equal, however, since the transfer line is assumed to be adiabatic and lossless. Since the 
phase of the trajectories necessarily changes along the length of the transfer line, the 
distance each fluid particle travels also changes. Roughly, one compressor displaced 
volume into the transfer line (curve 2 in Figure 5) the fluid trajectory is 90 degrees out of 
phase and the particle trajectory is the shortest. 
The most significant result of these simulations is the codinnation that the hot fluid 
leaving the regenerator does not reach the warm-side heat exchanger. Since there is very 
little heat transfer area on the outside of the transfer line, the average temperature of the 
fluid in this region rises significantly before steady state is reached and performance 
suffers accordingly. (In the experiment described previously, with evaporative heat 
transfer on the outside of the transfer line, the average gas temperature at the regenerator 
outlet reached 318°F at steady state). The consequence of having such large volume 
separating the regenerator and the heat exchanger is that the warm heat exchanger is 
largely ineffective. One can imagine the trajectory of a wall of fluid which starts at the 
outlet of the warm side of the regenerator as representing a piston. This imaginary piston 
moves fkom the regenerator outlet back into the transfer line, a distance representing a 
volumetric displacement of the order of the compressor swept volume. The poor 
area-to-volume ratio within the transfer line, and the small surface area on the outside of 
the transfer line make this compression space nearly adiabatic with disastrous 
consequences on performance of the refrigerator. 
Reducingthe diameter of the transfer line, while keeping the length of line constant in 
order to shuttle more gas from the regenerator outlet to the warm heat exchanger, 
increased the effectiveness of the warm heat exchanger but with a significant penalty. The 
increased pressure drop in the smaller diameter transfer line and the increased frictional 
heating far outpaced the performance increases resulting from higher pressure ratios and 
increased heat exchange in the compressor heat exchanger. It is interesting to note that 
pressure drop and frictional heating in the transfer line goes up dramatically with 
decreasing transfer line diameter. Since the pressure drop goes like v2 *l/d and the gas 
velocity in the transfer line goes inversely with d2, if the friction factor is constant (flow is 
highly turbulent on average) the losses go like d-5 , in the laminar range, the losses would go 
like d'4. %en in this refrigerator where transfer line losses are relatively insignificant, at 
112 the diameter of the present transfer line, the effect of the small diameter clearly 
degrades overall system performance. 
The fluid trajectories shown in Figure 5 also help explain another phenomenon that is 
characteristic of a Stirling refrigerator with a long transfer line separating the hot-side 
heat exchanger and the regenerator. As soon as the system is turned on, a very noticeable 
refrigeration effect takes place alonga stretch of the transfer line on the outlet of the warm 
heat exchanger. Having a long transfer line has essentially created two inefficient 
refrigerators out of one, the coupling between the two being this gas piston mentioned 
earlier. The same way that fluid leaving the regenerator traverses about a third of the 
transfer line, fluid leaving the warm heat exchanger moves only about a third of the way 
towards the regenerator. The computer simulation shows that roughly a third of the way 
down the transfer line, fluid trajectories lag the pressure wave by 90 degrees. The fluid in 
this region is being compressed at  the optimum phasing to produce some regeneration, a 
result noted in the previous section and clearly visible in the temperature drop at the outlet 
of the warm heat exchanger as shown in Figure 4. However, since the transfer line is not a 
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